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Abstract
During the course of this work, I discovered that the presence of 1,4-benzoquinone
not only could induce various complex behaviors but also significantly enhance the
photosensitivity of the BZ system. Mechanistic study suggests that the kinetic
influence of 1,4-benzoquinone mainly arises from its interaction with ferriin to form a
complex. In the photo-mediated 1,4-benzoquinone-bromate oscillator, dramatic
changes in the reaction behavior were achieved upon the initial presence of
hydroquinone. Measurements with UV/Vis spectroscopy and MS spectrometry
suggest that the formation of hydroquinone-benzoquinone dimer plays a significant
kinetic role in the studied system.
Further mechanistic investigations on the photo-illuminated Q-bromate reaction
unveiled that 1,4-benzoquinone in aqueous solution reacts with bromine only in the
presence of light, which produces the brominated-l,4-hydroquinones. Further studies
of the newly discovered chemical oscillator in spatially extended media revealed
propagating waves in the ferroin-catalyzed benzoquinone-bromate photoreaction.
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Chapter I
Introduction
1.1 A brief history
The understanding of the onset of chemical oscillations has attracted great attention
due to their potential application in engineering, physics and biology. The first report
of an oscillatory chemical reaction was published in 1828, in which Fechner described
an oscillating current produced by an electrochemical cell.[1] In 1899 Ostwald
reported that the rate of chromium dissolution in acid increased and decreased
periodically.^1 These two oscillatory systems are both inhomogenous. In 1921, the
first homogenous isothermal chemical oscillator was reported by William, C. Bray,
which is a system of iodate, iodine and hydrogen peroxide.[3] However, chemical
oscillations in closed homogeneous systems were initially considered impossible
because that would imply that the reaction did not go to thermodynamic equilibrium
smoothly which violated the second law of thermodynamics. [4'5]
The celebrated Belousov-Zhabotinshy reaction (the BZ reaction) was first
discovered in 1950s by Belousov accidentally. During the research on the Kreb cycle,
Belousov found that citric acid in water (with acidic bromate and catalyst of cerium)
turned colorless and then back to yellow at about one minute intervals.[6] In addition
to the color change, oscillations can also be achieved in the redox potential which
depends on some organic intermediates and the concentration of reactants such as
cerium and bromide ion. By the early 1970s, the BZ reaction was finally accepted by
chemistry community, which indicates the establishment of the study on oscillating
reactions. The BZ reaction has since become a prototype model for the study of
modern nonlinear chemical dynamics.

1.2 Chemical Kinetics of the Cerium-catalyzed BZ reaction
The mechanism of the cerium-catalyzed BZ reaction contains 80 elementary steps
l

and 26 variable species.1-73 A simplified model for the most important parts of the
mechanism, known as FKN mechanism, was formulated by Filed, KOrOs and Noyes in
early 1970s, which reproduced the BZ oscillations very well.[7]

The FKN

mechanism is summarized in Table 1.1.
Table 1.1 Abbreviated FKN mechanism governing the BZ reaction

~(R1) Br- 4- HOBTTH+^^TTlbO
(R2) HBr0 2 + Br" + H+ -* 2HOBr
(R3) BrOg + Br~ + 2H+ -» HBrOa + HOBr
(R4) 2HBr0 2 — BrOa + HOBr + H.+
(R6) B r O j + HBr02 + H + ^ 2 B r Q 2 - + H 2 0
(R6) BrOa • +OB(TII) + H+ -» HBrOa + Ce(lV)
(R7) CH2(COOH)2 ^ (HO)2C = CHCOOH
(R8) (HO)2C = CHCOOH + Br2
-* BrCH(COOH)Q + H+ + Br~
(R9) 2Ce(.IV) + CH2(COOH)2 + BrCH(COOH)2
—* / B r " + other products

The FKN mechanism can be roughly grouped into three concurrent processes:
Process A (Rl to R3): The reduction of bromate to bromine.
Process B (R4 to R6): The introduction of bromous acid (HBrOa) to compete as a
reducing agent for bromate.
Process C (R7 to R9): The reduction of the catalyst formed from Processes A and B.
In process A, bromate (Br03") is reduced to bromine (Br 2 ) by the
reducing agent bromide (Br ")• As a result, the bromomalonic acid (BrMA) is
produced and the concentration of bromide eventually falls below some
critical level [Br "Critical- Just at this point, Process B in which HBr02 begins to
compete with the bromide to reduce the bromate to dominate Process A. Process B is
the heart of the FKN mechanism, which contains a two-step autocatalytic sequence
constituted by reactions (R5) and (R6). As a result, the amount of HBr02 increases at
an accelerating rate and Ce (III) is oxidized to Ce (IV). Ce (IV) is reduced to Ce (III)
2

and a large amount of bromide is regenerated in Process C. When the concentration of
bromide is back to above [Br "]crjticai, Process B is suppressed and Process A is in
control again. The whole cycle repeats itself as outlined in Figure 1.1.

[ B f ] critical

Figure 1.1 The cycle of three processes of the BZ reaction
The cycle of Processes A and B going back and forth depends on whether the
concentration of bromide ion above or below the [Br "]criticai • The switches between
oxidized and reduced states of the metal catalyst, Ce (III) and Ce (IV) support the
occurrence of oscillations.1-71
To confirm whether the bromide ion is the controlled reagent in the BZ system
some experiments were executed. Noszticzius and coworkers observed the
lengthening of induction time by adding bromide ion initially.183 By perturbing the
bromide concentration by adding the solutions of AgNCh, KBr and HOBr Peter Ruoff
obtained the phase shift which is exactly same as predicted by the mechanism based
on the bromide-control assumption, which suggests the control of bromide ion in the
BZ system.

1.3 The chemical Kinetics of the Ferroin-catalyzed BZ Reaction
There are many recipes and variations of the BZ reaction. The ferroin complex
[Fe(phen)32+] is used in the BZ reaction as a catalyst instead of Cerium for its
outstanding ability to show the color change. A typical initial composition for the
ferroin-catalyzed BZ reaction in a well-stirred batch reactor could be: Malonic Acid,
sodium bromate, sulfuric acid at 20 "C and with 1ml 0.025M ferroin as indicator.

After a short induction period, the reaction enters its oscillatory phase, where color
changes periodically between red and blue.[9]
Table 1.2 Mechanism of the ferroin-catalyzed BZ reaction

Group A
:

1. .
••'2{..,.
/

:

:

.

Br+BrO; +2E*—»H0Br*HBfO2
HOBc+:HB¥Q 2 —*-Br" + BrOj +2H*

: ::

' i;': :'^' -''' : ^' : -;-' : ' ; '''lffi.ifl 2 +fi^ : +H* : ^'2HOBr : ;
'.4 "' : ':..
.: ...2HCSBr.—HBi0 2 + S r ^ l T
:5 '••,"':
•••; H O B r + l r + B * — - ~ B t 2 * H 2 0
':g^\.'
.'../'Brj'^HjO';:—»• HOBr + E f + H*
?.:. : ;
.,.: •
;2HBi0 2 ^—^:BrO;4-.HOBi- : +H +
. 8 : . ..
BrOj * H O B r + H T — - 2HB»-£>2
•9
B r O ^ + H B r O j + i r — » 2BrOj + HjO
. . -2BrOj * H a O — ~ BrOj' + HBc0 2 + H +

.10 • .

.Group B
U ,,::
ii': : :
11 : .: :
M
15:
16
:

:

. MA + B ^ - ^ ^ & M A + BiT + H*
MA-t-HOBr—•-BrMA + H^Q
BrMA-t HOBr ^—* product
2B*MA*:+H 1 0—-BrMA'+BiTTA
BrMA' + fe.Oj + H2€s
•- HBt0 2 + BrTTA

;.
.
:

.;..'..
;

'i i7: ::!:;. ; :;"^:'

: -; x:'."; •; *i£3V:;: i*i^€^:'i ^-^-ijwpdttiBt:-

I f :"':"V

:

1? ..
20:.

B r M A ' * M A " + H 2 0 — - MA. + BrTTA
- M A , + B r O j > E + - ^ ^ B r O J . + |W84Mct
:BrlTA.—-~Br~ + pro*»ct
SiMA' +BrOJ. + H + — • ' B r O ^ + B i T T A

.

Group C
21.;

-Fe^ + B f O j + H * — • Fe*" + HBrGj

::22v: ../.::::;;;;

1,:,2F*^::+,Bi:G^ + 3H* — * • 2 F ^ * * HBrGj:* H 2 0

21- .:

V: 2 F ^ + H B r % + a r - — * I F e ^ + . H O B r + H j O

.24 .:.

2Fe^+.HOB*+H*---2Fe3+^Br- + .Bp

'25 •:;';'.

:2Fe^+.Bi2 + . H + ; — - 2 F e ^ + 2 B r

2fi:

, aFe 3 * +. 2 B r — * 2Fe 2+ + Br2 + H*

•::•.,;.

27

'"••'

28
:.:29.;.:,,

.

/ F e ^ + MA —"-Fe 2 * + MA - +H*
: F e ^ + . l r M A — * JFe^+BtMA" +'H*

';.

. F e ^ + B d i A " . * ^ — . F e ^ + liMA

The oscillatory behavior in the ferroin-catalyzed system differs significantly from
those obtained in the cerium-catalyzed system, which motivates people to execute
4

systematic investigation on this system.1 J Keki and co-workers tried to construct the
mechanism for the ferroin-catalyzed BZ system within the framework of the KFN
mechanism.[11] However, they could not characterize the ferroin system by changing
rate constants of a few elementary steps on the basis of the cerium-catalyzed BZ
mechanism. This result implies that the ferroin-catalyzed BZ reaction does not
possess the similar mechanism of the cerium-catalyzed system. A considerable
amount of ferroin is oxidized to ferriin during the induction time, which is contrary to
that only a very small amount of cerium (III) is converted to cerium (IV). It could be
caused by the difference of standard reduction potential of Ce(IV)/Ce(III) redox pair
and ferriin/ferroin couple. The standard redox potential of BrCV/BrCh • couple in
sulfuric acid is about 1.15V which is slightly higher than that of ferriin/ferroin couple,
but much lower than that of Ce(IV)/Ce(III) redox pair. Strizhak and coworkers
reported a kinetic scheme, which consists of 29 reactions and 12 variables, through
investigating

the

periodic,

mixed-mode

and

chaotic

oscillations

in the

ferroin-catalyzed BZ system in a continuous-flow stirred tank reactor (CSTR).[14]
Table 1.2 shows the mechanism, which is divided into three groups.
Group A: Reactions between bromine-containing compounds
Group B: Reactions with the participation of malonic acid
Group C: Reactions with the participation of ferroin

1.4 1,4-CHD-bromate System
Although the BZ reaction has been well studied to gain insight into pattern
formation, the production of carbon dioxide, which disturbs the formation of chemical
waves, hampers the application of the BZ reaaction in studying chemical waves in
reaction-diffusion media. Another similar oscillator, 1,4-cyclohexanedione-bromate
system was discovered in early 1980s.[12'131 This new oscillator which does not
produce any bubble gas thus has attracted people's attention in the last decade.[12"22]

5

Figure 1.2 Mechanism of the 1,4-CHD-boramte reaction
Through thorough analytical and kinetic investigations Szalai and Koros
constructed a mechanistic model, which could simulate the experimental results very
well.[18] Figure 1.2 suggests that 1,4-CHD in the reaction with acidic bromate
undergoes aromatization and one of its main product l,4^hydroquinone (H2Q) is
further oxidized and brominated to 1,4-benzoquinone (Q) and bromoorganics.[18J
They pointed out that the oscillatory behavior could be attributed to H2Q, which was
generated continuously in the uncatalyzed 1,4-CHD-bromate reaction (see Table 1.3)
Table 1.3 Abbreviated model of the uncatalyzed 1,4-CHD-bromate reaction.[18]

Rl
R2
R3

Br~ 4- HOBr 4- H + *~ Br2 4- H 2 0
Br- + HBr0 2 + H + ^ 2 H O B r
B r 4 Br0 3 " + 2H + •*» HOBr + HB1O2

R4
R5

2HBrO> — HOBr 4 BrOj" 4 H +
HB1O2 + Br0 3 ~ 4- H + + H2Q — 2HBrG2 + Q + H 2 0

R6
R7
R8
R9
RIO
Rl 1
R12' •
R13
R14

CHD + H + " C H D E + H +
CHDE 4- Br2 — BrCHD 4 H + 4 Br CHDE 4 HOBr — BrCHD + H 2 0
BrCHD — CHED 4- Br" + H +
CHED 4 H + — H2Q 4- H +
CHD 4- BrOjT 4- H + ~* H2Q 4 HBrQ? 4 IfcO
H2Q 4-' Bt2'— Q + 2Br" 4- 2H +
H2Q 4 HOBr - * Q 4 B r + H + + H 2 0
H2Q 4-H + +BrQ 3 - - * Q + HBr0 2 4- H 2 0
6

According to the model shown in the Table 1.3, through reactions Rl, R2 and R3
the concentration of bromide keeps falling. At the same time H2Q keeps accumulating
through reactions R6 to Rll. When bromide concentration drops below the critical
value and H2Q concentration is high enough, the autocatalytic reaction R5 is triggered,
as a result, the concentration of H2Q rapidly decreases. When H2Q concentration falls
below the critical level, the autocatalytic step is terminated. The reaction R4
consumes HBr02 and reactions R7, R9, R12 and R13 reproduce bromide ions to reset
the condition back to make the oscillations continue. Therefore, the concentrations of
both bromide ion and H2Q are the critical parameters. Ferroin also could be added in
1,4-CHD-bromate system as an indicator. However the presence of ferroin changes
the kinetics of this system.[20'22]

1.5 Factors that influence oscillatory dynamics.
Besides internal factors such as the concentration fluctuations of species in the
oscillator, external factors such as the presence of oxygen, temperature, stirring rate
and light illumination also could affect the oscillatory behavior. As a result these
parameters always are used to manipulate the oscillation dynamics.
Several research groups have investigated the influence of oxygen on the BZ
reaction. Barkin et al. first reported that the presence of oxygen could enhance the
reduction of eerie ions by malonic acid.[231 De-Kepper found that the flux of oxygen
could change phase diagram of the BZ reaction.1231 Bar-Eli and Haddad observed that
in the BZ reaction, the induction time was lengthened but oscillation duration was
shortened by bubbling oxygen into the BZ system/231 Wang and co-workers reported
the influence of oxygen on complex oscillations in a closed BZ system/241 In their
research, the oxygen has been controlled in two ways: one is controlling the oxygen
concentration by using mass flow controller at a constant stirring rate; the other one is
to fix the oxygen concentration and control the influx of oxygen with the stirring rate.
Their simulation work was successfully conducted by considering the influence of
oxygen on the free radical of Br MA. Steinbock et al discovered that the oxygen could
7

stop the oscillations under the conditions of low acid, low bromate and high malonic
acid.[25]
Significant progress has been achieved in understanding the effect of oxygen on the
ferroin-catalyzed BZ reaction. Strizhak and coworkers investigated the oxygen effects
on the time-dependent bifurcations of transient oscillations in the BZ reaction in a
closed system. They explained that how oxygen effected the oxidation of organic
compounds and their intermediates.1261 They suggested that at first oxygen reacted
with malonyl radicals(MA-) to produce peroxymalonyl radicals (MAOO-) then the
next step was associated with chain reaction of MAOO transformation. The reactions
are:
BrMA- + 02'-> Br MAOO
BrMAOO + BrMA •* BrMA- + BrMAOOH
Fe(phen)33+ + BrMAOOH -» Fe(phen)32+ + BrMAOO-

Temperature has pronounced effects on bromate-based oscillators. Generally, the
increase of temperature leads to the increase of the frequency of oscillations. Nagy et.
al. characterized the temperature dependence of the BZ reaction and reported that the
temperature dependence of the BZ reaction is associated to the original compositions
of the reaction.p?1 Masia et. al. showed that temperature was a bifurcation parameter
in a closed unstirred BZ reaction.[28] Szalai and K6r6s discovered that increasing
temperature shortened the induction period in the 1,4-CHD-bromate reaction.1171 This
is because of the slow reaction of CHD with bromate at room temperature, which is a
key step to determining the induction time. Elevating temperature could speed up
such a reaction.
In both the BZ reaction and the 1,4-CHD-bromate reaction, stirring effects were
observed.112'13,29"341 The heterogeneities may play an unexpected role in nonlinear
dynamics. Through studying the stirring effect on the cerium-catalyzed BZ reaction in
a stirred batch reactor, Menzinger and co-workers found that under anaerobic
conditions, stirring rate could modify the oscillation parameters such as amplitude of
peaks and oscillation frequency.[29] Li and co-worker reported that under an
8

atmosphere of nitrogen or argon the oscillating behavior of BZ reaction was sensitive
to the rate of stirring.[30] Sevcik's experimental observations further supported Li's
points.[31] Menzinger and coworkers investigated the heterogeneity effects by
macroelectrodes in the anaerobic BZ reaction in 1985. Their experimental
observations proved that in a stirred batch reactor, large concentration fluctuations
were spatially distributed rather than homogeneous existed in the ferroin-catalyzed
BZ system ubiquitously.^ Menziger and co-workers suggested that the concentration
fluctuations in the aerobic condition were primarily caused by the exchanging
between the liquid and gas phase and the residual fluctuation might arise from the
concentration gradients due to the Br2 adsorption at the wall of the reactor.[33]
Stirring effects on the uncatalyzed 1,4-CHD system was investigated by Farage and
Janjic in 1982. In their experimental observation, the increase of stirring rate in a low
range can cause the increase of amplitude of oscillations. In contrast, decreasing the
stirring rate can revive spontaneous oscillations after chemical oscillations
disappeared at higher stirring rate.[1213] Wang and his group could induce transitions
not only between oscillatory and nonoscillatory states but also between simple and
period-doubled oscillations.[34]
Photosensitive oscillations have attracted people's attention in the last two decades
since light could be employed conveniently to explore the interaction between
intrinsic dynamics and external forcing. Among the photosensitive BZ reactions, the
ruthenium complex (tris(2,2-bipyridine)ruthenium(II)) catalyzed systems were studied
mostly. Kuhnert and co-workers presented that photoexcited Ru(bpy)32+- reacted with
bromate to produce bromide ion.[35]
6Ru(bpy)32+- + Br03" + 6H+ ^ 6 Ru(bpy)33+ + Br" + 3H20
Hanazaki and co-workers found that light had an accelerating effect on
autocatalytically oxidizing Ru(bpy)32+ to produce bromide ion.[3639]
Ru(bpy)32+- + 3 Ru(bpy)32+ + HBr02 + 3rf -> 4 Ru(bpy)33+ + Br" + 2H20
Agladze and co-workers proposed two general approaches shown as the following.[40]
Ru(bpy)32+- + Ru(bpy)32+ + Br03" + 3H* -» 2 Ru(bpy)33++ HBr02 + H 2 0
4Ru(bpy)33+ + BrMA + 2H20 -* 4Ru(bpy)32++ HCOOH + 2C0 2 + Br" + 5H+
9

Sorensen and co-workers reported that the Ru-catalyzed BZ reaction could be
quenched by light and concluded that bromide ions and bromous acid were produced
under illumination.[41] Four years later, Ruoff further supported Sorensen's points by
proposing two major responses in the light-perturbed Ru-catalyzed BZ reaction, one is
the photoproduction of bromous acid at the beginning of the reaction when little
BrMA is present, another is the photoproduction of bromide ions in the presence of a
large amount of BrMA and derivatives.^421
Huh and co-workers studied the light perturbation in the 1,4-CHD-bromate- ferroin
reaction.[43] They found that illumination with visible light could induce or inhibit
chemical oscillations. A series of studies indicate that photosensitive intermediate
species H2Q may be a critical factor.1-32'44"461 Wang and co-workers indicated that it
was 1,4-benzoquirione which once was regarded as a final stable product that played
an essential role in the photochemical 1,4-CHD-bromate reaction. They studied the
uncatalyzed 1,4-CHD-bromate reaction both in a batch reactor and in a CSTR.[45,46]
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Chapter II
Manipulation of Bromate-Based Chemical Oscillators with
the addition of 1,4-Benzoquinone

2.1 Introduction
The study of nonlinear chemical kinetics has blossomed in recent decades.1"5'47"49'
Perturbation techniques have been proved useful in kinetics study.[48] In the last three
decades, kinetics of perturbed systems have been investigated experimentally and
theoretically.

Various

interesting

dynamical

phenomena

not

existing

in

disturbance-free medium have been found.[5'47,48'50~64] For example, Marek and
co-workers reported periodic and aperiodic regimes in the BZ reaction executed in a
continuous flow stirred tank reactor, in which the periodically inflowing bromide ion
inserted a forcing on the inhibitor in the BZ reaction.[50'51]
Externally controlled perturbation, coupling different reaction processes, can be
used to construct perturbed dynamical systems. Comparing with these externally
perturbed nonlinear media explored extensively in the last two decades,[5,47'48'59"64]
behaviors of intrinsically coupled chemical systems have not been well understood. In
a recent study, our group showed that 1,4-hydroquinone (H2Q) has dramatic effects on
the ferroin-catalyzed BZ reaction. Various complex dynamical behaviors such as
successive period-adding bifurcations,

frequency

modulations and complex

oscillations were observed in such a coupled reaction systemJ65^ According to the
proposed mechanism for the 1,4-cyclohexanedion (l,4-CHD)-bromate oscillator,[66"68]
the introduced H2Q competes with ferroin to react with bromine dioxide radicals.
Thus coupled autocatalytic processes are constructed up.[65J
Notably, the observed H2Q effect on the BZ reaction does not occur until about an
hour after the BZ reaction has commenced.[65] Such a result is contradictory to the
current mechanisms which show that H2Q and bromate will undergo autocatalytic
reaction in acidic solution and thus H2Q shall be consumed within a short time frame.
11

A possible explanation is that the influence of H2Q observed in the earlier study may
indeed arise from products of H2Q such as Q. To shed light on the above hypothesis,
we investigated the influence of Q on the dynamics of the ferroin-catalyzed BZ
reaction.
The investigation of Q-ferroin-BZ reaction also represents the ongoing effort of
searching for a chemical medium being capable of exhibiting consecutive bifurcation
in a closed system. Kapral and co-workers' theoretical studies have predicted that
intriguing spatial structures such as wavelength-doubled spirals could exist under
period-doubled oscillations.^66'671 As shown in following, the addition of Q in a closed
ferroin-catalyzed BZ reaction does exhibit dramatic impacts on the reaction dynamics,
in which not only the oscillation frequency but also complex dynamical behaviors
such as consecutive transient bifurcations are achieved. The new chemical system,
upon coupling with diffusion processes, shall allow one to explore how existing
chemical waves response to a bifurcation in temporal dynamics.

2.2 Experimental procedure
All reactions were carried out in a thermostated glass vessel, where the temperature
was controlled at 25.0+ 0.1 °C with a circulating water bath. A schematic plot of our
apparatus is presented in Figure 2.1.
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O

Stire]t

-?Q:

Figure 2.1 A schematic illustration of the experimental set-up
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Reactions were followed by a platinum electrode coupled with Hg|Hg2S04|K.2SC>4|
reference electrode (Radiometer Analytical, XR200 and M231 Pt-9). Pt potential
measurements were recorded through a pH/potential meter (Radiometer PHM220)
connected to a personal computer through a PowerLab/4SP data logger. Stock
solutions NaBr03 (Aldrich, 99%), 0.6M and malonic acid (Aldrich, 98%), 0.8M were
dissolved in double-distilled water. Ferroin, 0.02M, was prepared with FeSC>4 • 7H2O
(Aldrich) and phenanthroline (Aldrich, 98%) according to 1:3 stoichiometric
relationships. Sulfuric acid (Aldrich, 98%), 3.0M, was diluted with double-distilled
water. 1,4-benzoquinone (Aldrich, 98%) was introduced by directly dissolving proper
amounts into the reaction mixture. Bromate solution was added to the reaction
mixture, after 1,4-benzoquinone has dissolved completely. All chemicals were
commercial grade and were used without further purification.

2.3 Experimental results
2.3.1 Effects of Q on the ferroin-catalyzed BZ reaction
Time series of the classical ferroin-catalyzed BZ reaction is presented in Figure 2.2
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Figure 2.2 The reaction conditions are: [MA] = 0.3M, [Ferroin] = 5.0*10"4M, [H2S04]
= 0.4M, and [Br03"] = 0.08M
There is a short induction period (about 3 minutes) before spontaneous oscillations
occur. These oscillations begin and end abruptly, showing the feature of a subcritical
Hopf-bifurcation. The oscillatory process lasts for about 600 minutes during which
the oscillation frequency decreases monotonically as the reactants are continuously
consumed. The above system eventually reaches a thermodynamic equilibrium state
as no fresh reagents are supplied. Notably, only simple oscillations of one peak per
period are observed in this classic BZ reaction.
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Figure 2.3 Time series of the BZ reaction in presence of Q. Reaction conditions are:
[Q] = 0.01M, [H2S04] = 0.4M, [NaBr03] = 0.08M, [MA] = 0.3M, and [Ferroin] =
5*10'4M
Figure 2.3 presents the time series of BZ reaction in the presence of
1,4-benzoquinone. Here the initial concentration of Q is 0.01M, while all other
reaction conditions are identical to those used in Figure 2.2. A dramatic decrease in
the frequency of oscillation can be observed; especially for the first several peaks,
oscillations become about 5 minutes per cycle as opposed to 1 minute per peak in the
classic BZ reaction. In addition, oscillations become increasingly frequent within the
first two hours and then decrease, which is opposed to what are commonly seen in a
closed reaction system. More significantly, small peaks appear between two
consecutive large peaks at 3200 seconds after mixing these reactants together, which
signals the beginning of complex oscillations. The amplitude of these small peaks
become larger and the magnitude of these small peaks increase in time. As the
reaction goes on, large peaks disappear and simple oscillations of one peak per period
are restored before the system reaches the nonoscillatory stage. The above result
15

provides concrete support that 1,4-Q is an active reagent in the BZ reaction, in which
hot only the frequency and amplitude of oscillations can be modulated but also even
complicated oscillations can be induced.
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Figure 2.4 Oscillatory behavior of the BZ reaction under different initial
concentrations of Q: (a) 0.005M, (b) 0.01M, (c) 0.015M, and (d) 0.025M. Other
reaction conditions are: [MA] = 0.3M, [Ferroin] = 5.0*10-4M, [H2SO4] = 0.4M, and
[NaBrOa] = 0.06M.
Figure 2.4 shows the oscillation behavior (from 11000 seconds to 20000 seconds)
of this modified reaction system under different initial concentrations of Q, where the
initial concentration of Q was increased gradually from (a) 0.005M to (d) 0.025M,
while other reaction conditions were kept the same as those in Figure 2.2. When the
concentration of Q was 0.005M, the dramatic change in frequency of oscillation could
been seen in Figure 2.4(a) and there is a very small peak between two consecutive
peaks which implies that the amount of Q added here is near the lowest level required
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to initiate complex oscillations. Increasing the initial concentration of Q to 0.01M
does lead to the transitions from simple to complex oscillations (shown in Figure
2.4(b)). As shown in Figures 2.4(c) and (d), with further increase of Q concentration,
the oscillatory behaviors become more complicated. If the concentration of Q was
increased to 0.25M, some red-colored precipitates appeared in the reaction solution,
which prevented us from characterizing the reaction behavior under higher coupling
strengths.
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Figure 2.5 The time series of the BZ reaction under different inital concentrations of
Q: (a) 0.0M, (b) 0.005M, (c) 0.01M, (d) 0.015M, and (e) 0.025M. Other reaction
conditions are: [H2S04] = 0.4M, [NaBr03] = 0.08M, [MA] = 0.3M, and [Ferroin] =
5*10_4M
Figure 2.5 shows the complete time series of the BZ reaction in the presence of Q.
Here the concentration of Q was gradually increased while other reaction conditions
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are the same as those used in Figure 2.2. Apparent changes in the reaction behavior
are summarized in Table 2.1.
Table 2.1 Effects of Q on the oscillation behavior:
[Q]
(M)

Induction time
(Seconds)

Time for per cycle
(Seconds)

Time begin to appear
Complex oscillations
(Minute)

0.0

182

57

0.005

564

214

143

0.010

646

320

52

0.015

728

329

34

0.025

1074

264
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The above Table shows that: (1) increasing the concentration of Q prolongs the
induction time of oscillations (from 182 seconds to 1074 seconds); (2) in the presence
of Q, oscillations frequency becomes smaller (around 214 to 329 seconds) as opposed
to 57 seconds per peak in the classic BZ reaction; (3) with the increase of Q
concentration, the time when the system begins to appear complex oscillatory
behavior decreases (from 143 minutes to 18 minutes).
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Figure 2.6 Time series of the Q-BZ reaction from 11 OOOseconds to 20000 seconds
under different initial concentrations of H2SO4 (a) 0.3M, (b) 0.4M, (c) 0.5M, and (d)
0.7M. [Q] = 0.01M, [NaBr03] = 0.08M, [MA] = 0.3M, and [Ferroin] = 5*10"4M
In Figure 2.6 we investigated the coupled reaction system under different initial
concentrations of sulfuric acid that was increaseed from (a) 0.03M to (d) 0.07M.
Other reaction conditions are the same as used in Figure 2.4(b), [Q] = 0.01M,
[NaBr03] = 0.08M, [MA] = 0.3M and [Ferroin] = 5*10-4M. When the sulfuric acid
concentration is 0.3M, great change in oscillation frequency could be seen in Figure
2.6(a), yet only simple oscillations of the Pt potential were obtained there. The Figure
2.6(a) implies that low concentration of H2S04 does not support the transition from
simple to complex oscillations. Increasing the initial concentration of H 2 S 0 4 to 0.4M

causes transient complex oscillations (shown in Figure 2.6(b)). When the
concentration of sulfuric acid is higher than 0.7M, precipitates appear in the reaction
solution, which prevents us from examining whether there is an upper threshold
concentration for the development of transient complex oscillations.
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The change of oscillation behavior with respect to the change of H2SO4
concentration is shown in Table 2.2.
Table 2.2 The influence of sulfuric acid on the oscillatory behavior

Induction time
(Seconds)

[H2S04]

(M)

time for per cycle
(Seconds)

time begin to appear
Complex oscillations
(Minute)

0.3M

948sec

360sec

—

0.4M

648sec

320sec

200min

0.5M

500sec

78sec

33min

0.7M .

500sec

17sec

8 min

The above Table shows that: (1) Increasing the concentration of H2SO4 shortens the
induction time of oscillations (from 948 seconds to 500 seconds); (2) With increasing
H2SO4 concentration, the frequency of oscillations increases for the first few peaks. (3)
At high concentration of H2SO4 the time when the system begins to appear complex
oscillatory behavior decreases (from 200 minutes to 8 minutes).
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Figure 2.7 Time series of the Q-BZ reaction under different initial concentrations of
NaBr03 (a) 0.04M, (b) 0.06M, (c) 0.08M, and (d) 0.1M. [Q] = 0.01M, [H2S04] =
0.4M, [MA] = 0.3M, and [Ferroin] = 5*10_4M
Figure 2.7 presents change of the oscillation behavior with respect to the variation
of bromate concentration. Other reaction conditions are identical to those in Figure
2.4(b). In Figure 2.7(a), there are 14 large peaks followed by some small peaks which
are simple oscillations. It shows that low concentration of bromate cannot intrigue
complex oscillations. When the concentration of bromate is increased to 0.06M,
shown in Figure 2.7(b), at about 100 minutes after mixing all the reagents together
there is a very small peak between two consecutive peaks and the complex
oscillations last till the end of the oscillations (around 400 minutes). Further
increasing the concentration of NaBrCb, as shown in Figures 2.7(c) and 2.7(d), can
cause . the complex oscillations lasting for longer time and becoming more
complicated such as a large peak followed by more than two small peaks.
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Figure 2.8 Time series of the Q-BZ reaction under different initial concentrations of
ferroin (a) 1*10"4M, (b) 5*10"4M, and (c) 1.5*10"3M. Other reaction conditions are: [Q]
= 0.01M, [MA] = 0.3M, [H2S04] = 0.4M, and [Br03"] = 0.08M.
Figure 2.8 presents change of the transient complex oscillations with respect to the
variation of ferroin concentration which is increased from 1*10"4M to 1.5*10 3M.
Other conditions are the same as those used in Figure 2.4(b). As shown in Figure
2.8(a), there are no complex oscillations at low ferroin concentration. Transient
complex oscillations appear in the last two oscillators (shown in Figure 2.8(b) and
Figure 2.8(c)). However, small peaks are more pronounced in Figure 2.8(b). It means
that the complexity of the oscillation is reduced at high concentration of ferroin. In
other words, there is an optimal concentration of ferroin to favor the complex
oscillations. With the concentration of ferroin increasing the frequency of oscillations
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decreases and the amplitude increases.
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Figure 2.9 Time series of the Q-BZ reaction under different initial concentrations of
MA (a) 0.2M, (b) 0.3M, and (c) 0.4M. Other reaction conditions are [Q] = 0.01M,
[NaBr03] = 0.08M, [H2S04] = 0.4M, and [Ferroin] = 5*1()-4M.
Figure 2.9 presents three time series obtained under different initial concentrations
of malonic acid (MA): (a) 0.2M, (b) 0.3M, and (c) 0.4M, while all other reaction
conditions were kept the same as those in Figure 2.8(b). The Figure 2.9(b) shows that
complex oscillations appear within one hour after the reaction begun and last more
than ten hours. When decreasing the concentration of MA to 0.2M, the frequency of
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oscillations decreases and only at the end of the oscillations complex oscillations
could be observed, which last for very short time (seen in Figure 2.9(a)). As shown in
Figure 2.9(c), increasing the concentration of MA to 0.4M, the oscillations become
similar to the classical BZ reaction. The Figure 2.9 illustrates that the concentration of
MA is a critical parameter to start the complex oscillations. A moderate initial
concentration of malonic acid favors the complex oscillations.

2.3.2 Enhanced photosensitivity
To achieve observable photo-effects in the ferroin-BZ reaction, very intense
illumination with lasers is generally required.^681 Ruthenium-catalyzed BZ reaction
has been extensively employed to investigate perturbed spatiotemporal dynamics,
despite that ruthenium complex is expensive and complicated to prepare.
1,4-benzoquinone is a photosensitive aromatic dicarbonyl compound. Under proper
illumination, aqueous Q can be reduced to H2Q.f69] The properties of the Q-ferroin-BZ
reaction under illumination was investigated. Figure 2.10 presents responses of the
Q-modified BZ reaction to light.
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Figure 2.10 Light perturbation study. The light intensity is 207mW/cm2. Other
reaction conditions are: [Q] = 0.01M, [MA] = 0.3M, [H2S04] = 0.4M, [Br03"] =
0.08M, and [Ferroin] = 5*10_4M.
The Figure 2.10(a) shows that light can make the simple oscillations become to
complex oscillations and the frequency of oscillations is also increased. After turning
off the illumination the oscillations return to simple oscillations and the frequency of
oscillations recovers. Figure 2. i0(b) shows that the illumination results in different
complex oscillation patterns. Under continuous illumination the complex oscillations
eventually turn to simple oscillations. By removing the light source the simple
oscillation behavior turns to complex oscillations again, but the new complex
oscillations are different from the ones before illuminating. The Figure 2.10(c) shows
that the illumination can also make the complex oscillations become simple. Turning
off the light allows the oscillations to return to complex oscillations, but with different
oscillation pattern. This experiment demonstrates that the presence of Q significantly
improves the photosensitivity of the ferroin-BZ reaction, in which light does not just
affect the frequency and amplitude of oscillations, but also is capable of inducing
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transitions between simple and complex nonlinear dynamics. Such an observation is
significant for future investigations on spatiotemporal behavior, given that there is no
report on light-induced complex temporal dynamics in the photosensitive
ruthenium-BZ reaction.

2.3.3 Mechanistic study
Based on existing mechanisms proposed by Szalai and co-workers, which have
successfully reproduced oscillatory behavior of the bromate-CHD reactions, Q
appears as a final inert product and does not react with reagents such as bromate,
bromine, or malonic acid.[67] Here, we examined the influence of Q on the
1,4-CHD-bromate system, by adding Q at the beginning of the reaction.
Time series of 1,4-CHD-bromate oscillations was shown as in Figure 2.11.

Time (s)
Figure 2.11 Time series of the 1,4-CHD-broamte reaction. Reaction conditions are:
[H2S04] = 1.0M, [Br0 3 ] = 0.1M, and [1,4-CHD] = 0.05M
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Figure 2.12 Time series of 1,4-CHD-bromate system in the presence of Q. Reaction
conditions are: [Q] = 0.01M, [H2S04] - 1.0M, [Br03'] = 0.1M, and [1,4-CHD] =
0.05M.
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reaction conditions are: [H2S04] = 1.0M, [Br03"] = 0.1M, and [1,4-CHD] = 0.05M.

28

[Q]-Induction time
w

§ 7500
•H

c 7000
o

• H

o 6500
^ 6000

0

0. 005

0. 01

0.015

[Q] (M)
Figure 2.14 Effects of Q concentration on the induction time. Other reaction
conditions are: [H2S04] '= 1.0M, [Br03 ] = 0.1M, and [l,4-CHD]= 0.05M
Figure 2.13 and Figure 2.14 indicate that within the experimental error the Q does
not influence the induction time and the number of oscillation peaks. Again, Figure
2.11 to Figure 2.14 show that Q does not have effects on the 1,4-CHD-bromate
system. This observation is consistent with literature and consequently rules out that
reaction between Q and acidic bromate is a possible source for the dramatic changes
of reaction behaviors seen in the Q-BZ reaction.
To gain insights into the chemical sources of above the dynamic influences,
interactions of Q with ferroin and ferriin which is oxidized state of ferroin were
examined and the results are shown as following.

Figure 2.15 (a) ferriin solution and (b) mixture of ferriin and Q solution. The ferriin
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solution was prepared by acidic bromate and ferroin: [H2SO4] = 0.12M, [Ferroin] =
5*10"4M, and [NaBr03] = 0.03M. The concentration of Q in (b) is 0.015M.
In Figure 2.15(a), the blue colored ferriin solution was prepared by mixing 5.0 x
10'4 M of ferroin with 0.03 M of NaBr03 and 0.12 M H2S04. Bromate oxidizes
ferroin to ferriin, as indicated by the color change from red to blue. Figure 15(b)
shows that the addition of Q into the ferriin solution causes an immediate color
change (within around 40 seconds) from blue to green, suggesting that Q might have
formed a new complex with ferriin ions. It is interesting to point out that there is no
color change after Q is introduced to ferroin solution, implicating that ferroin complex
does not change upon the presence of Q.
To shed light on the reactivity of the ferriin-Q complex, cyclic voltammograms
(CV) of the solutions presented in Figure 2.15 were measured. The scanning rate used
here was 400 mv/s and the scanning range was between -1000 mv and 1000 mv. The
redox potential reported in the following is against a Hg|Hg2S04|K2S04 reference
electrode.

0.004 f

Figure 2.16 Cyclic voltammograms of (a) ferriin solution and (b) ferriin and Q
mixture.
The cyclic voltammogram in Figure 2.16 shows that the redox potential of ferriin-Q
complex is approximately 0.02 V higher than that of ferriin, indicating that the
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reduction rate of this green colored complex shall be slower than that of ferriin. The
decrease in the reduction rate of the oxidized metal catalyst subsequently affects the
autocatalytic cycle and thus the overall reaction behavior. Note that since there is no
visible interaction between ferroin and Q, the ferriin-Q complex may separate to form
ferroin and Q after being reduced. If the above hypothesis is valid, reactant Q will not
be consumed during the reaction and thus the temporal perturbation by Q (e.g.
quenching phenomenon) shall be irreversible.
To further investigate the effects of Q on the BZ reaction, more experiments about
Q in the Q-BZ coupled oscillator were executed. Figure 2.17 illustrates responses of
system to the perturbation of Q.

23000

260OO

27000 '

2SQO0
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Figure 2.17 The study of influence of adding extra 0.00005mole Q at around 440
minutes. Other reaction conditions are: [Q] = 0.Q1M, [MA] = 0.3M, [H2S04] = 0.4M,
[Br03"] = 0.08M, and [Ferroin] = 5*10'4M.
0.00005mol of Q powder was directly added in the reaction solution at 440 minutes
after mixing all reaction regents together. The initial concentration of Q is 0.01M,
other reaction conditions are the same as those used in Figure 2.8(b). This result
shows that the impact of Q perturbation is permanent which is unlike other
perturbations such as bromide ion which reacts with other reactants quickly. Although
Q imposed significant influence on the overall reaction dynamics it is not consumed
in the studied system. Eventually, the oscillatory behavior shown in Figure 2.17
evolves into a simple oscillation as the reactants are consumed.

31

2.4 Conclusions
1,4-benzoquinone has been known as a final product in existing models proposed
for both catalyzed and uncatalyzed 1,4-CHD-bromate oscillators.114,171 This study
demonstrates that this inert reactant may play a significant role in the
ferroin-catalyzed bromate oscillators, in which various complex dynamical behaviors
could be induced by the presence of Q. Our mechanistic exploration suggests that the
influence of Q is through its interaction with the oxidized metal catalyst ferriin to
produce a green colored complex, which has a higher redox potential and thus a low
reduction rate constant. We would like to point out that the overall interaction
between Q and the metal catalyst ferriin could be subtler than stated above. It may
well involve the separation of the ferriin-Q complex back to ferroin and Q upon its
reduction. Certainly, the rate of formation of ferriin-Q complex is affected by the
amount of Q presented, which is why the observed complex oscillations depend on
the concentration of Q.
Interesting spatiotemporal behaviors such as the attractive and repulsive wave
activities have been reported in the 1,4-CHD-ferroin-BZ reaction. Yet, the mechanism
responsible for the anomalous dispersion remains illusive. In particular, the fact that
the metal catalyst (i.e. ferroin/ferriin) oscillates between red and greenish color rather
than between red and blue has been largely ignored. This study illustrates that
incorporating the kinetic interactions between 1,4-benzoquinone and the metal
catalyst into the existing mechanisms may be critical toward the understanding of the
anomalous dispersion. Apart from the discovery of a new kinetic role of Q, which is
capable of inducing various complex dynamics in the BZ reaction, this study presents
a new system with a great photosensitivity and thus permits one to conveniently
explore perturbed nonlinear dynamics with this economic BZ medium in comparison
to that of ruthenium-catalyzed ones. As discussed in chapter 4, the enhanced
photosensitivity in this Q-BZ system may arise from the photo-induced reduction and
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bromination of Q, in which the photoreduction product hydroquinone undergoes
autocatalytic reactions with bromine dioxide radicals.

Chapter IH
Nonlinear Phenomena in the Light-Mediated
Q-H2Q-Bromate Reaction

3.1 Introduction
Photochemical reactions exist and play vital roles in nature and industrial
production.^701 The light illumination has also been frequently used in studying
nonlinear chemical system for decades.[71] For instance, as early as forty years ago,
the photochemical effects on the cerium-catalyzed BZ system was studied by
irradiating with ultraviolet light.[72] The results show that the oscillatory behavior
depends on the light intensity and chemical composition under the light illumination.
Further research indicates that ruthenium-catalyzed BZ systems respond more
significantly to the influence of visible light.1-731 Since then, the ruthenium-catalyzed
BZ reaction, as a prototype model of photosensitive chemical oscillator, has been
studied in both stirred and reaction-diffusion

systems.[

35 4041 42 74 77

> ' > > - ] These

investigations are helpful to understand a variety of complex behaviors occurred in
nature such as stochastic resonance and synchronizations.
1,4-benzoquinone (Q), an aromatic dicarbonyl compound, has been frequently
studied in lab experiments for its photochemical properties.'78"811 The aqueous
photochemistry of 1,4-benzoquinone has been studied for decades,[82"871 and this topic
remains an active area of investigation.'88"901 Our group has studied on the unanalyzed
light-mediated Q-bromate system.'911 In such a system 1,4-benzoquinone is reduced to
hydroquinone (H2Q) under illuminating and H2Q can react with acidic bromate to
reproduce Q. The observed oscillatory behavior has an extremely long induction time
which is normally longer than 3 hours. The study of a 1:1 complex between
benzoquinone and hydroquinone was reported in literature.[921 As reported, Q and
H2Q can readily form dark colored complex, which has also been confirmed in our lab.
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When the light yellow Q and transparent H2Q are mixed well, dark purple solids
which are the Q-H2Q dimer are formed immediately. The readily formation of Q-H2Q
dimer motivates us to investigate whether this dimer plays an important role in the
reported

benzoquinone-bromate

and

hydroquinone-bromate

photochemical

oscillators.
1,4-hydroquinone is easily oxidized by acidic bromate to benzoquinone for its
strong reducing ability. The reaction rate of the reaction about HBrCh + Br03_ + H+
-> H2O + 2Br02« can be slowed down by decreasing the concentration of FT\
Therefore in a low acid environment the slow producing rate of BrC>2« can cause the
low reaction rate of H2Q + Br02« -> HQ» + HBrC>2, which allows H2Q have a
chance to react with Q before being oxidized. For the above reason, in this chapter
nonlinear dynamics of low acid Q-FkQ-bormate system was studied.

3.2 Experimental procedure
Stock solution NaBr03 (Aldrich, 99%), 0.06M, and sulfuric acid (Aldrich, 98%),
3M, were prepared with double-distilled water. 1,4-Benzouquinone (98%, Aldrich)
and 1,4-hydroquinone (99%, Aldrich) were directly dissolved in the reaction mixture.
A schematic plot of our apparatus is presented in Figure 3.1.

Pt Electrode J-,

Reference
Data Acqttbtion
mo doles
•H2o

Light Q l
H20

RF
storing bar
Ostirer

Personal computer

- ^

Figure 3.1 A schematic plot of the experimental setup
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The reactions were monitored by a Pt electrode coupled with a Hg|Hg2S04|k2S04
reference electrode (Radiometer Analytical XR200). All measurements were recorded
through a USB Aata Acquisition Modules (IOeech) connected to a personal computer.
A halogen lamp (Fisher Scinetific, Model DLS-IOOHD, 150W) with continuous
variable light level was used as the light source. The circulating water bath (Thermo
NesLab RTE 7) maintained the reaction temperature as 25.0 +0.1°C in which the
illumination did not cause any reaction temperature change. Nitrogen was used as a
protection blanket on top of the reaction solution to examine whether oxygen
influence on the observed oscillatory behavior. Our investigation shows that
observable oxygen influence on this photo-mediated Q-l-^Q-bromate reaction. The
stirring rate was maintained constant at 750 rpm throughout this research.
Absorption spectra were measured with an UVTVisible spectrophotometer (Ocean
Optics). The quartz glass cuvette (10mm light path, allowing 200-2500nm light pass,
HellMA) containing 2.5ml sample mixture was placed in a CUV sample holder
(Ocean Optics) which has two water jackets connected to a circulating water bath
(Thermo NesLab RTE 7). The Deuterium light (wavelength from about 200nm 900nm) supplied by the light source IV-VIS-NOR (DH-2000, Mikropack) went
through the sample via an optic fiber (Ocean Optics). The absorption time series were
plotted by the software OOIBase332 via a personal computer. We control the
temperature at 25 ± 0.1°C. The solution is stirred by a small magnetic bar during the
measurement.
The light intensity was measured and the percentage in relative to the maximum
light intensity available was summarized in Table 3.1.
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Table 3.1 The correspondence between the control panel of the lamp and intensity
measured by an optical photometer

Percentage

Light Intensity
( mW/cm2)

100% I 0
90% I 0

273.8854

80% I 0
70% I 0

235.6688
207.0064

60% I 0
50% I 0

165.6051

267.5159

130.5732

40% I 0
30% I 0

92.3570

20% I 0
10% I 0
0%I0

35.0319

63.6943

12.7389
0.0000

The light intensity was determined at 3cm away from the light bulb through the
water circulating double layer glass.

3.3 Results and Discussion
3.3.1 Reaction behaviours at different compositions
In a batch reactor, a series of experiments were performed to study the dependence
of reaction behaviours on the concentration of each species and light intensity. The
total volume of reaction solution was kept constant as 30ml. The sequence of adding
the reactant is shown as following:
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Distilled
water

Solid H 2 Q

Sulfuric acid
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Bromate
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Distilled
water

Figure 3.2 The sequence of adding reactant into the batch reactor
We noticed that after colorless H2Q was added into the Q solution whose color is
pale yellow the color of the solution turned to dark yellow immediately. The
immediate color change intrigued us to examine three more ways of preparing Q
and H2Q mixture (shown in Figure 3.3).

transparent

yellow

H2Q

solution

— •

transparent
H2Q
solution

Q
Solid
light yellow

— •

Q

solution

Dark purple
H2Q+ Q
Solid solid

1'

Solution of Dark
QandH2Q.. yellow
ti

— § •

Distilled
water

Figure 3.3 Making Q and H2Q mixture solution in three different ways
The results show that no matter by which way to prepare the Q-H2Q mixture
solution the final color is dark yellow which is presumably caused by the complex of
QandH 2 Q.
Effects of H2Q on the dynamics of photo-mediated bromate-Q reaction are
presented in Figure 3.4, where the concentration of H2Q was increased gradually from
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Figure 3.4 Oscillatory behaviors under different concentrations of H2Q: (a) 0.0M, (b)
0.0025M, (c) 0.005M, and (d) 0.01M. The other reaction conditions are [Q] = 0.015M,
[NaBrOs] =0.06M, [H2SO4] = 0.1M, and light intensity = 70% I0.
As shown in Figure 3.4(a), when the concentration of H2Q is 0.0M the system
only exhibits a very broad peak, where there is a sudden decrease in the Pt
potential at 7000 seconds. Such a result is consistent with the behavior observed
in the earlier study of bromate-Q photoreaction.[26] When 0.0025M H2Q is added,
six oscillation peaks with increasing amplitude are obtained (shown in Figure
3.4(b)). From Figure 3.4(c) we can learn that more sharp peaks can be achieved
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by further increasing H2Q concentration. However, when H2Q concentration is
too high it leads the disappearance of oscillatory behavior (shown in Figure
3.4(d)). The above results illustrate that the presence of H2Q, which is expected
to form complex with Q, plays a prominent role in the photo-mediated
bromate-Q-H2Q reaction.
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Figure 3.5 (a) The relationship of the induction time vs the concentration of H2Q. (b)
The relationship of the number of peaks vs the concentration of H2Q.
Figure 3.5 shows that when the concentration of Q is constant the increase of H2Q
concentration initially increases the induction time and the number of oscillation
peaks. In other words, higher concentration of H2Q not only can speed up the reaction
rate but also supports the oscillations to last longer. Notably, the above study was
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carried out under the condition of [H2SO4] = 0.1M which is nearly 10 times lower
than the values employed in the study of Q-bromate photochemical oscillator.[26] As
discussed in the introduction, the selection of a low acid condition in this study is
desired in order to slow down the consumption rate of H2Q so that it has a chance to
complex with Q. Figure 3.6 shows the influence of H2SO4 concentration on the
reaction behavior.
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Figure 3.6 Reaction behaviors under different sulfuric acid concentrations: a) 0.03M,
(b) 0.04M, (c) 0.06M, (d) 0.08M, and (e) 0.2M.The other reaction conditions are [Q]
= 0.015M, [H2Q] = 0.005M, [NaBr03] =0.06M, and light intensity =70% I0.
Figure 3.6(a) shows that When [H2SO4] is as low as 0.03M the system does not
exhibit any oscillatory behavior. When the concentration of H2SO4 is increased to
0.04M, the system begins to oscillate in which a sharp peak obtained. At [H2SO4] =
0.06M, the system exhibits three oscillation peaks. More oscillation peaks with
increasing amplitude but reducing frequency are observed with further increase of
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sulfuric acid concentration. This trend is likely due to that high acid concentration
favors the nonlinear feedback loop. However, as shown in Figure 3.6(e), when the
concentration of sulfuric acid is 0.2M, the oscillations disappear. The optimum H2SO4
concentration appears to be around 0.1M, in which a series of small, regular
oscillation peaks could be obtained. These results confirm the necessity of having a
proper acidic environment which can balance the oxidation of H2Q and the interaction
between Q and H2Q.
Figure 3.7 shows the oscillatory behavior windows under

different

concentrations of Q.
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Figure 3.7 Changes in the reaction behavior as a result of varying the concentration
of Q: (a) 0.0M, (b) 0.001M, (c) 0.007M, and (d) 0.03M. Other reaction conditions are:
[H2Q] = 0.0015M, [NaBr03] =0.06M, [H2S04] =0.1M, and light intensity = 70% I0.
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Figure 3.8 (a) The relationship of the number of peaks vs the concentration of Q. (b)
The relationship of the induction period vs the concentration of Q.
From Figure 3.7 and Figure 3.8, we can learn that without Q the oscillation cannot
be initiated at all. When the concentration of H2Q is constant with the increase of Q
concentration the induction period decreases, but the number of oscillation peaks is
unchanged.
Following earlier theoretical investigations which suggest that 1:1 Q and H2Q
mixture forms a favorable dimer structure[27], we prepared fresh reaction solution by
dissolving 0.1M Q and 0.1M H2Q in double-distilled water and used different amount
of this mixture to react with acidic bromate. Our experiments illustrate that when the
concentration of this Q-H2Q mixture solution lies between 0.0006M and 0.01M, the
illuminated Q-t^Q-bromate system exhibits spontaneous oscillations, similar to the
ones presented in Figure 3.4. Figure 3.9 plots the number of oscillation peaks as a
function of Q-H2Q mixture concentration, which shows that the largest number of
oscillations is obtained at the concentration of 0.007M.
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Figure 3.9 The number of oscillations vs the concentration of Q-H2Q mixture. Other
reaction conditions are [NaBrOs] =0.06M, [H2SO4] = 0.1M, and light intensity =
70%I0.
Figure 3.10 is a phase diagram showing the dependence of the reaction behavior on
the concentrations of Q and H2Q.
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0.04 !• solubility
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Figure 3.10 The phase diagram in the Q and H2Q concentration plane. Other reaction
conditions are: [NaBr0 3 ] = 0.06M, [H 2 S0 4 ] = 0.1M, and light intensity = 70% I0.
From the above figure^ we can learn that the system cannot oscillate without
hydroquinone but only little H2Q (0.0003M) was required for the oscillations to occur.
On the other hand the oscillation disappears when the concentration of H2Q is over
0.006M no matter how to change the Q concentration. As the concentration of Q
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increases, the threshold H2Q concentration which separates the oscillatory and
non-oscillatory parameter window increases first and then decreases with further
increase of Q concentration. When [Q] is higher than 0.03M, it cannot dissolve in the
solution completely, which hinders us to characterize the oscillatory behavior at
higher Q concentration (above 0.35M). Nevertheless, a parameter domain with a
nearly closed boundary is established here, which highlights the importance of the
subtle Q-H2Q interaction.

Time (s)
Figure 3.11 Oscillations at different concentrations of NaBr03: (a) 0.03M, (b) 0.04M,
(c) 0.06M, (d) 0.12M, and (e) 0.15M. Other reaction conditions are [Q] = 0.015M,
[H2Q] = 0.005M, [H2SO4] = 0.1M, and light intensity = 70% I0
Figure 3.11 shows the effect of NaBr03 concentration on this Q-FfeQ-bromate
oscillator. From the figure we can learn that when [B1O3"] is lower than 0.003M it
cannot initiate oscillations at all. When [Br03"] is as high as 0.15M, in the Pt potential
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time series there is a sharp peak followed by a broad peak (seen in Figure 3.11(e)).
This result indicates that, same as observed in other bromate-based chemical
oscillators, the concentration of bromate shall be within a proper range in order to see
oscillations. From this figure we can also learn that the transition from oscillatory to
no-oscillatory state at the low bromate condition is different from that at the high
bromate concentration.
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Figure 3.12 (a) The number of oscillation peaks vs the concentration of NaBrCb. (b)
The induction time vs the concentration of NaBrCb
Figure 3.12(a) shows that within the oscillation parameter window, the number of
oscillation peaks increases until bromate concentration reaches 0.09M, beyond that
the number of oscillation peaks declines with the further increase of bromate
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concentration. Figure 3.12(b) shows that increasing bromate concentration also
prolongs the induction time of the first oscillation peak.
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Figure 3.13 Time series obtained at different light intensities: (a) 30% Io, (b) 50% Io,
(c) 70% I0> and (d) 100% I0. Other reaction conditions are [Q] = 0.008M, [H2Q] =
0.003M, [H2S04] = 0.1M, and [NaBr03] = 0.06M.
Light plays a critical role in the system investigated here. Under the illumination of
low light intensity, the system only yields a broad peak after a long induction time
which is around 2000s. As the light intensity is increased to 50% Io, several small
amplitude oscillations are developed in the system (shown in Figure 3.13(b)).
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Figure 3.14 (a) The relationship of the induction period vs the light intensity, (b) The
relationship of the number of oscillation peaks vs the light intensity
Figure 3.14(a) shows the effects of light intensity on the induction period. The
increase of light intensity shortens the induction period which is the time required for
the first oscillation to occur. The induction period decreases quickly until the light
intensity is increased to 70%Io. Further increase of light intensity form 70%Io only
leads to slight decrease of the induction period. Figure 3.14(b) shows the effects of
light intensity on the number of oscillation peaks. The low light intensity which is as
low as 30%Io can not initiate oscillations. When increasing the light intensity to 40%Io,

8 sharp peaks can be obtained in this oscillator. Further increase of light intensity
causes a slight decrease of the number oscillation peaks, which indicates that the
applied light intensity may be too strong. It seems that there is an optimized light
intensity to favor the oscillatory behavior. This result further confirms that light
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intensity is a critical parameter for this photo-mediated Q-EbQ-Bromate oscillator.
3.3.2 The influence of Br "ion
In the BZ reaction, Br "plays a crucial role in the oscillatory behavior. Same as the
BZ reaction system this photo-mediated Q-FtQ-Bromate system is also a
bromate-based chemical oscillator. So Br ~ ion may play a similar kinetic role here.
The role of Br" ion in this system was investigated with the quenching technique.
Figure 3.15 presents responses of the oscillatory behavior of the photo-mediated
Q-tkQ-Brmate system to Br" perturbation.
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Figure 3.15 The influence of adding Br" solution: (a) 0.03M 15 jul, (b) 0.03M 15 jul,
and (c) 1M 15 jul. Reaction conditions are [Q] = 0.015M, [H2Q] = 0.005M, [H2S04] =
0.1M, [NaBr03] = 0.06M, and light intensity = 70%I0.
Figure 3.15 presents responses of the bromate-Q-H2Q oscillator to Br
perturbation. When adding 15 jul of 0.03M NaBr solution at the phase angle shown
in Figure 3.15(a) the bromide ion makes the amplitude of the oscillation peak
decrease, but the oscillation revives quickly. At the phase angle shown in Figure
3.15(b) the bromide ion makes the time interval of two adjacent peaks longer. After
the perturbation, the concentration of Br " decreases gradually and oscillations
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resume after the concentration of Br " becoming small enough. When higher
concentration of NaBr (1M) was added into the system shown in Figure 3.15(c) the
bromide ion totally stops the oscillations and the sharp peak oscillations cannot
recover. These results suggest that oscillations of the light-mediated Q-t^Q-bromate
system are also Br - controlled.

3.3.3 Perturbations with radical scavenger
Perturbations by ethanol, a radical scavenger, are presented in Figure 3.16, in which
the presence of ethanol stops the oscillations. After adding 80 /£ 98 %( V/V) ethanol
solution, the oscillation stops immediately and cannot recover anymore. Our
experiments show that effects of ethanol do not depend on the oscillation phase at
which the perturbation is applied. This result suggests that radical reactions play an
important role in the Q-EbQ-bromate oscillator. This observation is consistent with
the mechanism proposed for this light-mediated Q-H2Q-Bromate system in which the
Q-H2Q complex reacts with bromine dioxide radicals to form QHQ« radicals which
undergo subsequent reaction with bromine dioxide radicals to complete an
autocatalytic cycle. The presence of ethanol may hinder the overall autocatalytic
cycles by removing QHQ • as well as BrCh • radicals.
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Figure 3.16 Responses of the reaction behavior to the addition of 98% (V/V) ethanol.
Reaction conditions are [Q] = 0.015M, [H2Q] = 0.005M, [H2S04] = 0.1M, [NaBr03]
= 0.06M, and light intensity = 70%I0
3.3.4 The perturbation with Q and H 2 Q
For this photochemical oscillator, under the reaction conditions [Q] = 0.03M,
[H2Q] = 0.005M, [H2S04] = 0.1M, [NaBr03] = 0.06M, and light intensity = 70%I0
oscillations usually finish in 3000 seconds. Some experiments were performed to try
to resume the oscillations after oscillatory behavior has stopped.

a

o
lOOmv

c
I0d0

2000

3000

4000

5000

6000

7000

gOOO

TimeCs)
Figure 3.17 The responses of the system to the addition of different amount of H2Q (a)
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0.0 mole, (b) 2.3x 10"5moles, and (c) 6.8x 10"5moles. Reaction conditions are [Q] =
0.03M, [H2Q] = 0.0005M, [H2S04] = 0.1M, [NaBr03] = 0.06M, and light intensity =
70%I0
One of the assumptions for the disappearance of these oscillations is the complete
assumption of H2Q so fresh H2Q was added to the solution. Figure 3.17 shows the
influence of the additional H2Q on the oscillations. Figure 3.17(a) shows that without
fresh H2Q the oscillation stops at 3000s and there are only 3 peaks. Figure 3.17(b)
shows that with the addition of H2Q, the oscillations can keep on going for one more
peak. As shown in Figure 3.17(c) the oscillations can last for two more peaks by
adding more H2Q. In the above discussion we postulated that the consumption of H2Q
might cause the disappearance of oscillations. The revival of oscillatory behavior
supports the above hypothesis.
Q is another key reagent in this oscillator. Some fresh Q solution was also added
to the reaction mixture after oscillations have stopped. After adding 80 /10.01M Q
the oscillations did not resume. This result indicates that the disappearance of
oscillations is not caused by the depletion of Q. This is presumably because of large
amounts of Q in the system.
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Figure 3.18 The response of the system to the addition of 80///0.01M Q. Other
reaction conditions are [Q] = 0.015M, [H2Q] = 0.005M, [H2SQ4] = 0.1M, [NaBr03] =
0.06M, and light intensity'- 70%I0
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3.3.5 Pulse-light perturbation
Since this oscillator is controlled by light, a series of investigations were
conducted to examine the responses of the system to the temporal change of light
illumination during the oscillatory process.
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Figure 3.19 Perturbation study by turning the light off and on (a) turning the light off
at earlier time (about 8000 seconds), (b) turning the light off at later time (about
14000 seconds), and (c) turning the light off and then on. Reaction conditions are [Q]
= 0.015M, [H2Q] = 0.005M, [H2S04] = 0.1M, [NaBr03] = 0.06M, and light intensity
= 70%I0
Figure 3.19(a) and Figure 3.19(b) show that oscillations stop when turning off the
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light illumination. Figure 3.19(c) shows that after the oscillations have stopped due
to removing the light source, the oscillatory behavior can be recovered after
resuming the illumination. The result confirms that illumination is a critical
parameter not only at the beginning of the reaction but also during the oscillations
since illumination supports the recycling interaction between Q and H2Q.
In order to decipher the reagents which are responsible for the photosensitivity, a
series of narrow band filters were employed in the following investigating system.
Narrow band filter allows the light within specific wavelength range to pass through.
The influence of the narrow band filters on the reaction behavior is presented in
Figure 3.20.
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Figure 3.20 Oscillations with additional illumination at different wavelength range (a)
200nm ± 20nm, (b) 300nm±20nm, (c) 360nm±20nm, (d) 380nm ± 20nm, (e)
400nm±20nm, (f) 450nm±20nm, (g) 500nm±20nm, (h) 550nm±20nm, and (i)
600nm + 20nm. Reaction conditions are [Q] = 0.015M, [H2Q] = 0.005M, [H2S04] =
0.1M, and [NaBr03] = 0.06M.
Result in Figure 3.20 shows that at the beginning of the reaction there is a big broad
peak which corresponds to the oxidation reaction of H2Q. The result that was obtained
by using the filter of 200nm ± 20nm (seen in Figure 3.20(a)) is similar to the result of
the reaction without any illumination. As shown in Figures 3.20(b), (c), (d), (e), (f)
and (g), the broad peaks are followed by one or two small peaks. But in Figure 3.20(h)
and (i) the small peak disappears.
Because the dramatic change in the reaction behavior seen in Figure 3.20 may be
due to the significant decrease in light intensity, as filter cuts great amount of light off,
another series of experiments were performed. In these experiments the intensity of
the illumination light was increased from 70%Io to 100%I0to partially compensate the
cut-off light by these filters. The influence of the filters is shown in Figure 3.21.
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I = 70%I0, X =450nm; (b) I = 100%I0, X =450nm; (c) I = 70%I0, X =500nm; and (d)
I = 100%I0, A =500nm. Reaction conditions are [Q] = 0.015M, [H2Q] = 0.005M,
[H 2 S0 4 ] = 0.1M, and [NaBr0 3 ] = 0.06M
Using the same filters, the increase of the light intensity enhances the number of
small peaks. These small but regular peaks are similar to the peaks which appear in
the oscillator without using filters.
Combining the results shown in Figure 3.20 and Figure 3.21 we can learn that the
photosensitive reagents have absorption peaks in the range of 300nm to 500nm.

3.3.6 UV/Visible spectrophotometric measurements
UV/Visible spectrophotometer is used to further investigate the mechanism of the
Q-H2Q-bromate system. The absorption spectra shown in Figure 3.22 were collected
at the different reaction times.
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Figure 3.22 UWVisible spectra. Reaction conditions are [Q] = 0.015M, [H2Q] =
0.005M, [H2SO4] = 0.1M, [NaBr0 3 ] = 0.06M, and light intensity = 70%I0.
The absorption peak at 290nm in the spectrum mainly arises from H 2 Q whereas the
absorption at 250nm is largely due to Q. This measurement shows that at the
beginning of the reaction, H2Q concentration is at its highest value and then decreases
58

in time. At the end of the oscillatory process, the H2Q concentration reaches its lowest
level. This UV/Vis study provides further evidence that the co-presence of H2Q is
important in the development of oscillatory behavior in this studied system. The
above investigation was carried out by conducting the reaction in a 30ml reactor and
then 0.5ml reaction solution was taken out at the recorded time and diluted into 2.5ml
in the curvet for the absorption measurements.

3.4 Simulations of the Photo-mediated Q-HbQ-Bromate oscillator
The mechanistic investigation has been performed for the Q-F^Q-Bromate
oscillator. We referred some of the reaction steps and reaction constants from a model
proposed for the reaction.1911 We proposed a schematic scheme consisting of 13
reaction steps shown in Table 3.2. The kinetic simulations were performed and plotted
with the software Berkeley Madonna.
Table 3.2 The proposed mechanism for the Q-tkQ-Bromate-photochemical oscillator

Rl

Br0 3 - + Br-+,2H4' ^ H B r O i + H O B r

K1 = 2.1M-3S-1

K-l = lOOOOM^S"1

R2

H B r 0 2 + B r - + H + - * 2HOBr

K2 = 2X109M-2S-»

R3

Br03'+HBr0 2 -hH + .«»• 2Br0 3 -+H 2 0

K3 = 10000M-2S4

K-3 = 2Xl0 7 M- 2 & 1

E4 = lODGGM-^-1

K-4 = 10QSH.
K-5 = 500M1S-1

R5

Br02- + QHiQ O HBr0 2 + QHQ-

K5 = 1X10SM-1S-1

R6

2HBr0 2 —» : BrC^" + HOBr + H*

K6 = 4X10 7 M' 1 S- 1

R7

HOBr + QHQ- - » Br- + 2 Q + H 2 0

R8

QHQ« + Br.- .<-» 2Q + B r + H+

K^IOOOOM- 1 ? 1

K-8 = 10M-3S-1

R9

HOBr + Br • +;H+ <B» Br2 + H 2 0

K9 = 8X109M-2S"1

K-9 = 110M"1S-1

:

K7=.1000M- 1 S- 1

': Rlf;: •: Br2- £ WbQ. •' • • -*:: Wl : ^ r * + 2IF ;. : .
Rll Q + Br2 -»Br2H2Q;

Kll=:i.5M'Vg-i

R12 Br2H2Q + B12—> Br2Q + 2Br-+ 2H*

Kll-tHM^S" 1

R13 2Q + H2O <-> H2Q + QOH

K13 = 1X107M-2S-1

K-13 = 1M"1S-1

Note: [H20] = 56M are included in the rate constant.
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Reactions R3, R4, R5, R8 and R13 build an autocatalytic cycle, which is a key
condition in designing chemical oscillators. The autocatalytic reaction is inhibited by
Br " through reaction R2.
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Figure 3.23 Simulations of the f^Q-Q-bromate photochemical oscillator (a) [Br"] and
(b) [QHQ«]. Other initial concentrations are [Q] = 0.01M, [H2Q] = 0.004M, [H2S04]
= 0.1M, and [NaBr03] = 0.06M
In consistent with our experimental measurements, the concentration of Br~ starts
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oscillating toward higher values after a threshold concentration is reached. There is a
short induction time in Figure 3.23(a). QHQ», a key radical to build the autocatalytic
cycle is illustrated in Figure 3.23(b), which increases sharply at the beginning of the
reaction and then starts to oscillate.
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Figure 3.24 Simulations of Q-HaQ-bromate photochemical oscillation under
conditions: (a) [H2Q] = 0.01M, [Q] = 0.01M and.(b) [Q] = 0.0001M, [H2Q] = 0.0M.
Other concentrations are [NaBr03] = 0.01M and [H2S04] = 0.1M
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Figure 3.24(a) shows that when H2Q concentration is as high as 0.01M the
oscillations disappear, which agrees with the experimental result shown in Figure
3.4(d). In opposite, 0.0001M Q is too low to support the system to oscillate. This is
also consistent with the lab results shown in Figure 3.10.
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Figure 3.25 Simulations of the Q-H2Q-bromate photochemical oscillations under
different concentrations of sulfuric acid (a) 0.05M, (b) 0.1M, (c) 0.2M, and (d) 4M.
Other reactions are [Q] = 0.01M, [H2Q] = 0.004M, and [NaBr03] = 0.06M
As shown in Figure 3.25, there is a broad peak in Figure 3.25(a), 5 sharp peaks in
Figure 3.25(b), 9 peaks in Figure 3.25(c) and 1 small peak in Figure 3.25(d). These
phenomena agree with the experimental results very well. When H2SO4 concentration
is too low the oscillations cannot be initiated. With the increase of H2SO4
concentration the number of oscillations increases. Meanwhile, no oscillations could
be seen at high acid concentration.

3.5 Conclusions
This study discovered that the Q-H2Q-Bromate reaction was a brand new and novel
chemical oscillator. Unlike what occurs in the photo-mediated Q-bromate or
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t^Q-bromate oscillators, which has a very long induction time, here oscillations
commence shortly after mixing all reagents together. The phase diagram in the Q-H2Q
concentration plane illustrates the necessity of having H2Q for achieving chemical
oscillations in this uncatalyzed bromate oscillator, where there also is an upper H2Q
concentration limit for the system to show spontaneous oscillatory behavior. We have
explored oscillations at different Q/H2Q ratios and found that when the initial ratio of
Q/H2Q was 1:1, the system could exhibit oscillations within a broader parameter
range. Results about the light influence illustrate that despite that interactions of Q
and H2Q play a critical role in the observed oscillations, the studied system remains to
be photo-controlled, where the Pt potential would stay flat in the absence of external
illumination. The experiments also indicate that this new system has some common
character with the conventional bromate-based oscillators, which take bromide ion as
a control factor. The perturbation study with radical scavenger, Q, and H2Q and
spectrophotometer measurements demonstrates that new species are generated in the
system under illumination. The concentration of acid is another important factor that
influences the nonlinear phenomena, where no oscillations can be seen at high acid
concentration (> 0.2M), under which the oxidation of H2Q is significantly fast. The
quenching phenomena observed by adding ethanol indicate that radicals are involved
in the key reaction steps. In the mechanistic study, the proposed model qualitatively
reproduces experimental phenomena, such as the influence of sulfuric acid, H2Q, Q
and NaBrC>3 concentrations on the oscillatory behavior.
In general, results achieved in this chapter should be useful in understanding
complex reaction dynamics in a number of existing bromate oscillators in which
hydroquinone and benzoquinone co-present as intermediates, in particular at the low
acidic conditions where the oxidation rate of hydroquinone is moderate.
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Chapter IV
The concurrence of photoreduction and bromination of
1,4-benzoquinone in aqueous solution*

4.1 Introduction
The photochemistry of 1,4-benzoquinone and its derivatives has attracted
intensive investigations, fueled by the abundance of quinoid structures in nature and
in industrial products.178'80'86'89'93'941 For example, quinones can carry electrons through
the membranes of various proteins and enzymes.[95,96] In technical aspects, some
p-quinone-based dyes show considerable photo-degradation on fabric.[97] Such a
photo-tendering action has been suggested as arising from an H atom abstraction from
the substrate and thus was studied in detail in organic solvents and in aqueous
solutions.[93] Existing research illustrates that 1,4-benzoquinone (1,4-Q) is reduced to
1,4-hydroquinone (M-FfeQ) ultimately in non-aqueous solution. Whereas, in aqueous
solution, the photochemistry undergoes a different way by which the triplet states of
1,4-Q are rapidly populated and the final production are 1,4-H2Q and
2-hydroxy-l,4-benzoquinone.[93"94J
1,4-Q has been presented in several model reaction systems to investigate the
nonlinear

chemical

dynamics.[12'13'17'91'98"100]

For

example,

in

the

bromate-l,4-cyclohexanedione (1,4-CHD) reaction 1,4-H2Q reacts with bromine
dioxide radicals to build up an autocatalytic cycle which ultimately leads to the
production of 1,4-Q.[17] Due to the absence of gas production the ferroin-catalyzed
1,4-CHD-bromate

spatiotemporal

system

has attracted

structures.[14'101]

increasing

Notably,

attention

chemical

in the

waves

study

in

of

the

ferroin-1,4-CHD-bromate medium have not only exhibited some very interesting
dynamic properties which had not been seen in other nonlinear chemical media,[101]
but also showed subtle photoreactivity.[99'102] In most of the existing photosensitive
* This chapter also incorporates the outcome of a joint researcher, Dr. James R. Green.
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chemical oscillators, illumination under the same dynamic conditions either supports
or suppresses the reactivity.[68'103] However, in the 1,4-CHD-bromate reaction the
photoresponses strongly depend on the intensity of the applied light source. In other
words, the illumination can either quench or support the nonlinear behaviors of the
1,4-CHD-bromate reaction even under the same reaction conditions.[99] Earlier
investigation has suggested that an intermediate, 1,4-H2Q, might be associated with
the observed photosensitivity.^1021 A recent study in our group demonstrates the
feasibility of constructing a novel photochemical oscillator with bromate and 1,4-Q.[91]
Despite those earlier efforts, the subtle photo processes in the 1,4-CHD-bromate
reaction and related systems remain elusive. To shed light on the photochemistry of
the versatile 1,4-CHD-bromate reaction and the newly discovered 1,4-Q-bromate
photochemical oscillator, in this chapter the photoreactions between 1,4-Q and
bromine, two important intermediate reagents in the above mentioned systems, were
investigated. As shown in the following, the presence of light leads to the
photoreduction of 1,4-Q and the formation of brominated 1,4-H2Q.

4.2 Experimental Section
Absorption spectroscopic investigations were performed with a UV-visible
spectrophotometer (Ocean Optics, 2000 USB), in which a quartz cuvette (10.0 mm
light path, HELLMA) containing 2.5 ml sample mixture was placed in a CUV sample
holder which has two water jackets connected to a circulating water bath (Thermo
NesLab RTE 7). The cuvette was continuously stirred with a small magnetic bar. The
illumination was provided with a halogen lamp with dual bifurcated optic fibers and a
continuously variable light level (Fisher Scientific, Model DLS-100HD, 150 W). The
fiber was directly placed on top of the cuvette.
Reactions for the MS and ]H-NMR spectral studies were conducted in a 50 ml
thermal-jacketed glass reactor (ChemGlass), where the temperature was kept constant
at 25.0 ±0.1 °C by a circulating water bath (Thermo NesLab RTE 7). Reactions were
allowed to run for one hour after mixing all reagents together, during which the
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progress of the reaction was monitored with a platinum electrode coupled with a
Hg|Hg2S04|K2S04

reference

electrode (Radiometer Analytical, XR200 and

M231Pt-9). Pt potential measurements were recorded through a pH/potential meter
(Radiometer PHM220) connected to a personal computer through a PowerLab/4SP
data logger. Bromine solution (0.03 M) was prepared from liquid bromine.
1,4-Benzoquinone (Aldrich, 98+ %) and 1,4-hydroquinone (Aldrich, 99+ %) were
directly dissolved in the reaction solution before the bromine solution was added. The
reaction mixture (30 ml) was extracted with diethyl ether and the diethyl ether was
subsequently concentrated under reduced pressure.

4.3 Results and Discussion
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Figure 4.1 Absorption spectra of the illuminated 1,4-benzoquinone-bromine reaction
are collected at (a) before the addition of Br2, (b) right after the addition of Br2, (c)
300 s, and (d) 1200 s after the reaction has begun. Compositions of the reaction
mixture are [Br2] = 0.0008M and [1,4-Q] = 0.001M. The light intensity is 35mW/cm2
Absorption spectra shown in Figure 4.1 illustrate the evolution of the illuminated
1,4-Q and Br2 reaction. Before adding Br2, the 1,4-Q solution shows two large
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absorption peaks at 258 nm and 295 nm, respectively. Literature suggests that 1,4-Q
also has a third, but rather weak absorption at 424 nm.[93] Under the concentrations
investigated here, the absorption at 424 nm is too weak to be seen. As shown in
spectrum b after adding Br2, a broad peak centred at 390 nm appears which is
apparently due to the absorption of the Br2 molecules. The subsequent measurements
are collected at 300 s (spectrum c) and 1200 s (spectrum d) after mixing the reagents
together. By comparing spectra c and d we can learn that that the broad peak at 390nm
decreases in time, which is caused by the consumption of Br2. At the same time, the
peak centred at 295 nm increases significantly and shifts slightly toward a higher
wavelength. Such a qualitative change in the spectrum suggests that under
illumination 1,4-Q reacts with Br2, which leads the production of new substances
which absorb strongly at 300 nm.

Absorbance
j

2.0
1.6
1.2
0.8
0.4

. m:
: ::

_

l^-*-

:

:

"'2c?:dt'/:":'. W^0^-\-^X --.^M^

5oo

Figure 4.2 Absorption spectra of non-illuminated 1,4-benzoquinone-bromine reaction
are collected respectively at (a) right after the addition of Br2 and (b) 1200 s after
mixing all reagents. Compositions of the reaction mixture are [Br2] = 0.0008M and
[1,4-Q] = 0;001M.
Figure 4.2 presents the absorption spectra of 1,4-Q and Br2 solution in the absence
of illumination. Spectrum b does not exhibit any dramatic change from spectrum a
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within the same time frame (1200 s). The slight decrease of the absorption at 390 nm
in Figure 4.2 may simply due to the evaporation of Br2. Of course, UV light from the
spectrophotometer might, have also mediated the reaction between 1,4-Q and Br2.
Overall, there is barely any change for peaks at 258 and 300 nm. From the
experiments presented in Figure 4.1 and Figure 4.2 we can conclude that the presence
of light is crucial in the 1,4-Q and bromine reaction.
Mass spectrometry (MS) was used to decipher the species formed in the illuminated
bromine-1,4-Q reaction, The MS spectra are shown in Figure 4.3.
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Figure 4.3 Mass spectrum of the illuminated 1,4-benzoquinone-bromine reaction
(Electron impact, 20eV). Initial compositions of the reaction solution are [Br2] =
0.0008M and [1,4-Q] = 0.001M
To prepare the sample for mass spectrometry analysis, the reaction presented in
Figure 4.1 was repeated in a larger reactor thermostated at 25.0 ± 0.1 °C. The reaction
was run for 1200 s and then 15.0 ml diethyl ether was added into the 30 ml reaction
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mte

mixture to extract the products. The mass spectroscopic analysis shown in Figure 4.3
was performed after the diethyl ether solvent was concentrated from the products
under reduced pressure. In the spectrum there is an intense ion peak centred at 268
m/e. Earlier investigations on the photoreduction of 1,4-Q in aqueous solution have
suggested the production of 1,4-hydroquinone and 2-hydroxy l,4-benzoquinone.t4"6]
Based on the similarity between this system and the photoreduction of 1,4-Q in
aqueous solution, the peaks at 266/268/270 m/e strongly suggest the formation of
dibromo-hydroquinone. In numerous experiments performed, however, there is no
evidence on the formation of 2-hydroxy 1,4-benzoquinone or brominated 2-hydroxy
1,4-benzoquinone, implying that the presence of bromine has altered the
photoreduction path of 1,4-Q in aqueous solution. Although significantly less intense
than the ones centred at 268 m/e, ion peaks centred at 346/348 m/e and 426 m/e, with
the appropriate isotopic distribution intensities, nevertheless can be clearly seen in the
spectrum,

which

suggest

the

production

of

tribromo-hydroquinone

and

tetrabromo-hydfoquinone.
The same sample as MS was also investigated by 'H NMR method. The spectra are
shown in Figure 4.4.
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Figure 4.4 NMR spectrum of the illuminated 1,4-benzoquinone-bromine reaction.
Initial compositions of the reaction solution are [Br2] = 0.0008M and [1,4-Q] =
0.001M
'H-NMR experiments with a Bruker Avance 500 MHz spectrometer reveal a singlet
resonance at S 6.965, strongly implicating the existence of 2,3-dibromohydroquinone
and ruling out the existence of 2,5-dibromohydroquinone (8 7.15).[104] The absence of
2,5-dibromohydroquinone product rules out the electrophilic bromination of
1,4-hydroquinone. However, it remains to be determined whether the reaction goes
through electrophilic bromination of 1,4-Q or, similar to the photoreduction of 1,4-Q
in aqueous solution,[80'93'94] through radical bromination processes.11051 To shed light
on the above photo-bromination process, two parallel experiments of the 1,4-H2Q and
Br2 reaction with and without the external illumination were carried out. The spectra
are shown in Figure 4.5 and Figure 4.6
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Figure 4.5 Absorption spectra of the non-illuminated 1,4-hydroquinone-bromine
reaction are collected respectively at (a) before the addition of Bt2, (b) immediately
after the addition of Br2, (c) 5 s, and (d) 3000 s after the reaction has begun.
Compositions of the reaction mixture are: [Br2] = 0.0006 M and [1,4-H2Q] = 0.001 M
In Figure 4.5, the absorption spectrum a, 1,4-H2Q solution has two large absorption
peaks centred at 230 nm and 288 nm, respectively. Spectrum b, taken immediately
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after the addition of Br2, illustrates that there is a rapid, dramatic change in the
compositions of the reaction solution, as the amplitude of the 288 nm peak is greatly
reduced while a large, broad peak at 259 nm is formed. The new peak is strikingly
similar to the 1,4-Q absorption within such a wavelength range. The conclusion that
1,4-Q is produced here is supported by the mass spectroscopic characterization carried
out with a procedure analogous to that discussed in Figure 4.3. Unlike what occurs in
Figures 4.1 and 4.2, in Figure 4.5 there is no broad peak at 390 nm upon the addition
of bromine. Such a scenario suggests that the reaction between 1,4-H2Q and bromine
is very fast, in good agreement with an earlier report.[81] The fact that there is no
change in the absorption spectra taken between 5 and 3000 s after adding Br2 also
indicates that the Br2-1,4-H2Q reaction has quickly reached an equilibrium state. In
Figure 4.5, absorption of-1,4-HsQ at 230 nm is under the envelop of 1,4-Q absorption
and thus its remaining portion cannot be observed once 1,4-Q is produced. Mass
spectra show that there is no production of brominated 1,4-H2Q or brominated 1,4-Q.
Therefore, it confirms that light is essential in the formation of brominated 1,4-H2Q.
The reaction process in Figure 4.5 Can be accounted with H2Q + Br2 —* Q + 2HBr.
The absorption spectra of the illuminated Br2-1,4-H2Q reaction in Figure 4.6 are
qualitatively the same as seen in Figure 4.5. Upon the addition of Br2 the 1,4-H2Q
peak at 290 nm is rapidly reduced, whereas a large, broad peak at 259 nm develops.
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Figure 4.6 Absorption spectra of the non-illuminated 1,4-hydroquinone-bromine
reaction are collected respectively at (a) before the addition of Br2, (b) immediately
after the addition of Br2, (c) 5 s, and (d) 3000 s after the reaction has begun.
Compositions of the reaction mixture are: [Br2] = 0.0006 M and [1,4-H2Q] = 0.001 M
The great similarity between Figures 4.5 and 4.6 suggests that the oxidation of
1,4-H2Q by Br2 is not affected by light. In other words, the production of brominated
hydroquinones in Figures 4; 1 and 4.2 cannot take place after the formation of 1,4-H2Q
from 1,4-Q, i.e. is likely taking place during the photoreduction process of 1,4-Q. The
mass spectrum confirms that 1,4-Q is the reaction product in the experiment shown in
Figures 4.5 and 4.6. As suggested by Figures 4.1 and 4.2, the product 1,4-Q shall
undergo subsequent photoreaction with bromine in the presence of light, producing
brominated 1,4-H2Q. However, no such product is detected in the MS spectrum or
seen in the absorption spectra of Figure 4.6. Such a "contradictory" observation may
arise from the following two factors: (1) The Br2-1,4-H2Q reaction is too fast, and (2)
the amount of reagent Br2 is insufficient. As a result, by the time the product 1,4-Q is
ready to compete for bromine to produce brominated 1,4-H2Q, the added bromine has
been consumed by 1,4-H2Q.
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Figure 4.7 Absorption spectra of the illuminated 1,4-hydroquinone-bromine reaction
are collected, respectively, at: (a) before the addition of Br2, (b) immediately after the
addition of Br2, (c) 1200 s, and (d) 1800 s after the reaction has begun. Compositions
of the reaction mixture are [Br2] = 0.0016 M and [1,4-H2Q] = 0.0001 M.
Figure 4.7 examines the above hypothesis via introducing excessive amount of Br2
into the mixture. For a better comparison, the absorption of 1,4-H2Q solution alone is
also included here as the curve a. Due to the addition of a larger amount of Br2, the
Br2 absorption peak at 390 nm becomes visible in the spectrum b. The spectrum c,
collected at 1200 s after adding bromine, shows that the large peak at 290 nm has
disappeared. Qualitatively different from the behaviors seen in Figures 4.5 and 4.6,
here a new peak centred at 302 nm is formed in spectrum e, which is collected at
1800s after the reaction has commenced. The spectrum d is strikingly similar to the
ones seen in Figure 4.1 and 4.2, and thus indicates the occurrence of light assists
reaction between 1,4-Q and bromine. Such a process is also reflected through the
continuous decrease of the bromine peak at 390 nm. We would like to point out that
this result could not be achieved in the non-illuminated system, even though an
excessive amount of bromine was used. Mass spectroscopic measurements of the
reaction conducted in Figure 4.7 confirm the formation of dibromo-l,4-hydroquinone
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with an m/e = 266/268/270.

4.4 Conclusions
No 2-hydroxy-l,4-benzoquinone or brominated 2-hydroxy-1,4-benzoquinone were
detected in this study, suggesting that the presence of bromine alters the
photoreduction

processes

l,4-benzoquinone.[80'93'941

of

The

absence

of

2,5-bromo-l,4-hydroquinone in the NMR spectra rules out the electrophilic reaction
between 1,4-hydroquinone and bromine. In accord with the results that no
bromination takes place in the illuminated 1,4-hydroquinone-bromine reaction, the
following reaction scheme is proposed:

Br

Br-Br

O

Bromine radical, produced through photo illumination, attacks the
1,4-benzoquinone and generates a substituted phenoxy radical, which in turn is
brominated in an overall radical chain process (Scheme 1). MS spectra such as the
one presented in Figure 4.3 show the presence of monobrominated 1,4-benzoquinone,
lending strong support to the above hypothesis that the bromination and reduction
occur through radical processes. The above proposed radical reaction scheme is
similar to the one proposed for the photochemical bromination of arenes,[105] except
that reduction also takes place here. The above proposed radical process may also be
initiated by 1,4-benzoquinone radical produced through the photo-excitation.[80'93'94]
Parallel experiments of the bromine-1,4-hydroquinone reaction strongly suggest that
the bromination and photoreduction of 1,4-benzoquinone

must take place

concurrently in order to form dibromo- 1,4-hydroquinone, a substance which has
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detected in all the illuminated bromine-1,4-benzoquionone reactions.
The above result that 1,4-benozquinone reacts with bromine in the presence of light
offers a plausible explanation for the photosensitivity seen in the catalyzed and
uncatalyzed

1,4-CHD-bromate

oscillators,114'91'99191021 in which bromine and

1,4-benzoquinone are two important intermediate reagents. As is shown in Figure 4.7,
the photo bromination of 1,4-benzoquinone becomes particularly prominent as the
concentration of 1,4-hydroquinone decreases and thus its competition for bromine
becomes weak. As suggested by mass spectra, the dibromo-hydroquinone can react
further

with

bromine

to

produce

tri-bromohydroquinone

and

tetra-bromohydroquinone. Those consecutive and chain reactions could be
responsible for the subtle dependence of the 1,4-CHD-bromate reaction kinetic on the
applied light intensity. The suggested radical reaction process also agrees well with
the earlier report that the presence of radical scavenger could eliminate oscillatory
behavior in the photo-mediated bromate-1,4-benzoquinone reaction.[91]
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Chapter V
Pattern Formation in the Catalyzed Light-Mediated
1,4-Benzoquinone-Broamte System

5.1 Introduction
Diffusion can couple with the nonlinear reaction kinetics to generate propagating
waves of chemical reactivity and spectacular spatial patterns. Diffusion tends to make
a system more homogenous, reduce and eliminate local fluctuations in the
concentration of a chemical species. A nonlinear system that is far away from
equilibrium can couple with mass transportation to generate spontaneous transient
spatial inhomogeneities and in an open system, sustained spatial patterns as well.
A large enough initial perturbation can initiate the appearance and propagating of
chemical waves in an excitable medium. Most of the initial perturbations involve an
experimenter deliberately manipulating the system. For example, a system can be
pushed beyond the threshold level of excitability by adding a drop of acid or base to a
pH-sensitive reaction. Electrical simulation can also be used to initiate wave activity.
The light illumination can cause the chemical waves in photosensitive systems.
There are two possibilities proposed to determine the ability of reactions such as
the BZ system to generate chemical waves spontaneously.[48] First, the threshold of
excitability can be overcome by a spontaneous concentration fluctuation at a given
point in the medium, initiating a wave. Second, a mechanism involves the presence of
a pacemaker or catalytic site such as a dust particle. The wave ultimately turns into a
trigger wave that can move through the excitable segment of the medium. The
chemical waves can be classified into two categories; one implies a propagation of
concentration front (propagation). The other one has sustained spatial pattern in an
open system which is called Turning pattern.
A single propagating front in an unstirred liquid medium is the most common
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chemical waves. The sharp boundary between unreacted and reacted chemicals
creates a wave and causes the wave's moving across the solution at a certain speed. In
some cases, the medium can recover to its original state after the wave has passed,
which is called pulse propagation. More impressive phenomena than single-front or
pulse propagation are target or spiral patterns generated by repeated waves in a
two-dimensional medium. In a Petri dish, a wave initiated from a point source (a
pacemaker) produces a circular front since it travels at a constant velocity in all
directions. If a system can generate repeated waves a pattern of concentric circles can
been obtained which is called target wave. Figure 5.1 shows a target wave in the BZ
reaction.

Figure 5.1 Target pattern in the BZ reactionllUbJ
By pushing a pipette through the solution, which is a physical disruption of the
medium can break a target pattern. The broken ends of the wave will curl in and form
a pair of steadily rotating spirals. An example of spiral patterns in the BZ system is
shown in Figure 5.2. Multi-armed spirals can be possibly obtained with more
elaborate manipulation.
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Figure 5.2 Spiral patterns in the BZ reaction.11061

Spiral waves are very common in complex media because irregularities of such
mediums easily cause a break in the circular waves which are supposed to form target
patterns. Spiral patterns have been observed in the living systems which all share the
property of excitability, such as developing frog eggs, retinal tissue and cardiac
muscle contraction in heart tissue/1074091 Different from target pattern, in a medium
the position of the spiral core is independent on heterogeneity. Once a wave break has
been created, the spiral becomes self-sustaining; A major feature of spiral wave is the
core or the center which the spiral wave emanates. Another attractive feature of spiral
waves is the ability of the spiral core moving around under specific conditions. The
velocity and wavelength of the spiral are decided only by the properties of the
solution.
The expansion of wave activity into three dimensions outspreads the range of new
behaviors. The simplest three-dimensional waves are spherical waves and scroll
waves. The most promising media to study three-dimensional waves may be
biological systems. Three-dimensional waves of electrical and chemical activity
appear to play crucial roles in the functioning of various organs such as the heart and
thebrain.[48]
In 1952, Alan Turing suggested that chemical reactions with appropriate nonlinear
kinetics coupled to diffusion could lead to the formation of stationary patterns of the
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type encountered in living organisms.1

J

Until 1990, the first real laboratory

examples which support Turing's prediction appeared.1111-1 There are a few
requirements to produce Turing patterns. First, all the phenomena of convection must
be avoided and the transportation of compounds must be due to the diffusion only. An
open system such as continuous-fed unstirred reactor (CFUR) which can provide a
supply of fresh reagents and outflow of products is necessary. The reaction must
involve nonlinear feedback. Finally, the feedback species must have very different
coefficients of diffusion from other reactants. Figure 5.3 shows a variety of Turing
patterns obtained by using the mathematical Oregonator model to simulate coupled
BZ reactions in a reaction-diffusion system.[110]

Figure 5,3 Turing patterns using the Oregonator system1
To discover new nonlinear phenomena, metal catalysts, Ferroin and cerium, were
introduced to the light-mediated 1,4-Benzoquinone-bromate system. The periodic
color change brings a new study on this Ferroin catalyzed system in reaction-diffusion
system. Spatiotemporal patterns in this system were obtained.

5.2 Experimental Procedure
Stock solutions NaBr03 (Aldrich, 99%), 0.06M, and sulfuric acid (Aldrich, 98%),
3M, Ce(S04)2 (Aldrich, 97%), 0.0125M were prepared with double-distilled water.
0.02M Fe(phen)3S04 was prepared with FeS04 7H20 (Aldrich, 97%) and
1,10-phenanthroline (Aldrich, 99+%) according to 1:3. stoichiometric relationship.
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1,4-Benzoquinone (Aldrich, 98%) was directly dissolved in the reaction mixture.
The reaction diffusion system is utilized to study chemical wave in the
1,4-Benzoquinone-bromate system. Reaction-diffusion system allows pictures of the
oscillating phenomena to be taken during the reaction.
Pattern formation occurs in a thin layer of cation-exchange beads loaded with the
metal catalyst Ferroin. The cation resin was first washed five times by distilled water
to modify its acidity. To load the metal catalyst Ferroin onto the resin, 20g of resin
was mixed with 50ml of 0.00125 M Ferroin solution and stirred vigorously for one
hour. It was left undisturbed for 24 hours, resulting in the formation of a transparent
solution, presumably due to the complete absorption of Ferroin by the beads. At the
beginning of the experiment, 2.50g of beads loaded with Ferroin was put into a Petri
dish (9cm in diameter) forming a uniform thin film of resin on the bottom of the Petri
dish. The Petri dish was maintained at room temperature of 24.0 ± 0.2 °C . All
experiments were monitored with a charge-coupled device (CCD) camera equipped
with a zoom lens. The CCD camera is connected to a personal computer running a
frame grabber program (Matrox Imaging Library). A schematic plot of apparatus is
presented in Figure 5.4.
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Figure 5.4 A schematic illustration of the experimental set-up
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5.3 Experimental results
Our group has carried out a series of studies on the temporal dynamics of the
light-mediated 1,4-benzoquinone-bromate system.[91] The reaction behavior of this
system was shown in Figure 5.5(a). The metal catalyst plays an important role in
oscillating systems. For example, in the cerium-catalyzed BZ reaction, one of the
main reactions of cerium is
Ce3+ + Br0 2 + H+ o

HBr02 + Ce4+

It is one of the steps building the autocatalytic cycle.[111] Thereby cerium catalyst was
introduced into the 1,4-benzoquinone-bromate

system. The time series of

cerium-catalyzed 1,4-benzoquinone-bromate system was shown in the Figure 5.5(b).
Cerium was added at the beginning of the reaction.
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Figure 5.5 Oscillatory behaviors of (a) without catalyst and (b) with catalyst, (a)
[Ce+4] = 0.0M, (b) [Ce+4] = 0.0003M. Other reaction conditions are [Q] = 0.02M,
[H2S04] = 1.8M, [NaBr03] = 0.05M, light intensity = 207mW/cm2 total volume 30ml,
stirring rate 700 RPM and T = 25 ° C.
Figure 5.5 shows the influence of the addition of cerium on the oscillatory behavior.
The induction time of the oscillations is shortened and the amplitude of the oscillation
peaks is increased in the presence of Cerium. Same as in the cerium-catalyzed BZ
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reaction, the Ce+3 is oxidized by BrCh radicals, which speeds up the reaction of
producing HBrQ2, thereby accelerates the autocatalytic process which is the core of
oscillations.
Ferroin (Fe(phen)3S04), a desirable catalyst for its ability of exhibiting color
change , is always used to better visualize the periodic color changes. As shown in
Figure 5.6, 0.1ml of 0.02M ferroin solution was added into the light mediated
1,4-Benzoquinone-bromate system after the appearance of the oscillations (here at the
fifth peak). In the presence of Ferroin, the sudden oscillations in color between pale
red and pale blue can be observed.

Ferroin
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Figure 5.6 Time series of ferroin- 1,4-benzoqiiinone-bromate reaction. Reaction
conditions are: [Ferroin] = 0.00007M, [Q] = 0.02M, [H2S04] = 1.8M, [NaBr03] =
0.05M, and light intensity = 207mW/cm2
The cyclic color change is due to the following two reaction steps:
Fe2+(red) + BrQ 2 . + H+ -* Fe3+(blue) + HBr02
2Fe3+ (blue) + H2Q -> 2Fe2+ (red) + Q + 2H+
The periodic color change allows us to investigate, the nonlinear phenomena of the
light-mediated 1,4-benzoquinone-bromate reaction in the reaction-diffusion system.
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Figure 5.7 Spiral patterns in the light-mediated 1,4-Benzbquinone-bromate system
After the system entering the oscillatory stage, the oscillations were stopped by
turning the light source off. Then the reaction solution was transferred to the petri dish
which was covered by 2.50g beads loaded with 0.0125M Ferroin. Within 1 minute
after resuming the light illumination, two obvious spiral patterns occur as shown in
Figure 5.7. The oscillations can last for around 2 hours.

5.4 Conclusion
The catalyzed light-mediated 1,4-benzoquinone-bromate systems were investigated
in this chapter. The periodic color changes of this oscillator were observed with the
addition of ferroin. The preliminary study in the reaction-diffusion system shows the
ability of this system to produce chemical waves, which provide us a way to further
explore novel spatial temporal structures with the newly discovered light-mediated
1,4-benzoquinone-bromate system.
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Chapter VI
Summary and Perspectives
Nonlinear dynamics of bromate-based oscillators were investigated in this thesis.
Despite that the BZ reaction has been extensively investigated in the past four decades,
there are still numerous new phenomena to be uncovered in this system. For example,
various complex behaviors such as mixed-mode oscillations and consecutive
period-adding bifurcations in a modified ferroin-catalyzed BZ reaction were
discovered in this study. More significantly, the addition of 1,4-benzoquinone greatly
enhances the photosensitivity of the BZ system, in which light-induced transitions
between simple and complex oscillations have been achieved. It thus provides a new
economic system for the study of perturbed nonlinear dynamics, a subject which has
attracted increasing attention in the last two decades. Mechanistic study suggests that
the influence of 1,4-benzoquinone mainly arises from its interaction with the oxidized
metal catalyst ferriin to form a green colored complex. Cyclic voltammograms
illustrate that the green colored ferriin-benzoquinone complex has a higher redox
potential and thus a lower rate constant of reduction than ferriin.
Another novel bromate-based photochemical oscillator was presented in this thesis,
which is the photo-mediated reduction and bromination of 1,4-benzoquinone by
acidic bromate in the presence of H2Q. Dramatic changes in the reaction behavior
take place upon the initial presence of hydroquinone, where chemical oscillations take
place shortly after mixing all reagents together, in comparison to three hours induction
time reported in the studies without l,4-hydroquinone.[91] These oscillations can only
be obtained in the co-presence of hydroquinone and benzoquinone, suggesting their
interactions, possibly the formation of dimer, play a significant kinetic role in this new
system. Measurements with UVWis spectroscopy and MS spectrometry confirm the
existence of hydroquinone-benzoquinone dimer. Although interactions between
hydroquinone and benzoquinone play a prominent role here, the studied system
remains being photo-controlled, in which turning off the illumination causes an
immediate stop of the oscillatory behavior as well as the following reactivity.
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Mechanistic investigations on the photo-mediated

1,4-benzoquinone-bromate

system led us to examine the photoreaction between 1,4-benzoquinone and bromine
which is an intermediate reaction product of bromate. The absorption and mass
spectra suggest that 1,4-benzoquinone in aqueous solution reacts with bromine only in
the presence of light, which leads to the production of brominated-l,4-hydroquinones.
Parallel

experiments

performed

with

illuminated

and

un-illuminated

1,4-hydroquinone-bromine reactions indicate that the brornination of the benzene ring
takes place during rather than after the photoreduction of 1,4-benzoquinone. The
results provide an explanation for the subtle photosensitivity seen in a number of
acidic bromate-aromatic compound reactions.
To shed light on the potential application of the new ferroin-catalyzed
photo-mediated 1,4-benzoquinone-bromate system was also investigated and period
color changes were observed. The preliminary study in the reaction-diffusion medium
shows the formation of chemical waves. More research can be pursued along this
direction to explore novel spatial temporal structures, especially in the utilization of
the great photosensitivity of this newly discovered photo-mediated oscillatory system.
A model consisting of 13 reaction steps has been proposed here to qualitatively
account for the nonlinear behaviors seen in the photo-mediated Q-EkQ-bromate
reaction. While some of the experimental results have been successfully reproduced
by the model, some reaction behaviors such as the effects of the bromate
concentration do not agree with experiments well. Such discrepancies may arise from
the simplified considerations of reactions of intermediate productions and some
improper selections of reaction rates. Further improvement of the model can be
pursued along such a direction as well as characterizing individual reaction steps and
adjusting some reaction rates.
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Appendix
Code of the simulation in Table 3.2

METHOD Stiff
STARTTIME = 0
STOPTIME=20000
DTMIN=1e-10
DTMAX=1
TOLERANCE=1e-12
DTOUT=0
DT=0.0001
H2056

{ 1 : Br03+Br+2H <-> HBr02+HOBr}
RXN1 = K1f*Br03*Br*HA2 - K1r*HBr02*HOBr
K1f = 2.1
K1r=10000
INIT Br =0.0000001
INIT Br03 = 0.06
INIT H = 0.2
INIT HBr02 = 0.0000001
INIT HOBr = 0.0000001
d/dt(Br) = -RXN1-RXN2+RXN8-RXN9+2*RXN10+2*RXN12
d/dt(Br03) =-RXN1-RXN3+RXN6
d/dt(H) = -2*RXN 1 -RXN2-RXN3+RXN6+RXN8-RXN9+2*RXN 10+2*RXN 12
d/dt(HBr02) = +RXN1-RXN2-RXN3+RXN5-2*RXN6
d/dt(HOBr) = +RXN1+RXN6-RXN7-RXN9

{2: HBr02+Br+H <--> 2HOBr}
RXN2 = K2f*HBr02*Br*H - K2r*HOBrA2
K2f = 2e+009
K2r = 0
INIT HOBr = 0.00000001
d/dt(HOBr) = +2*RXN2

{ 3: Br03+HBr02+H <--> 2Br02+H20 }
RXN3 = K3f*Br03*HBr02*H - K3r*Br02A2*H20
K3f= 10000
K3r = 2e+007
INIT Br02 = 0.00000001
d/dt(Br02) = +2*RXN3-RXN5

{4:Q+H2Q<->QH2Q}
RXN4 = K4f*Q*H2Q - K4r*QH2Q
K4f= 10000
K4r=100
INIT H2Q = 0.004
INIT Q = 0.01
INIT QH2Q = 0.00000001
d/dt(H2Q) = -RXN4+RXN13
d/dt(Q) = -RXN4+2*RXN7+2*RXN8+2*RXN10-RXN11-2*RXN13
d/dt(QH2Q) = +RXN4-RXN5-RXN10

{ 5: Br02+QH2Q <-> HBr02+QHQ }
RXN5 = K5rBr02*QH2Q - K5r*HBr02*QHQ
K5f = 1000000
K5r = 500
INIT QHQ = 0.00000001
d/dt(QHQ) = +RXN5-RXN7-RXN8

{ 6: 2HBr02 <-> Br03+HOBr+H }
RXN6 = K6f*HBr02A2 - K6r*Br03*HOBr*H
K6f = 4e+007
K6r = 0
{7: HOBr+QHQ <-> Ar+2Q+H20}
RXN7 = K7f*HOBr*QHQ - K7r*Ar*QA2*H20
K7f=1000
K7r=10
INIT Ar = 0.00000001
d/dt(Ar) = +RXN7-RXN8

89

{8; QHQ+Ar <-> 2Q+Br+H}
RXN8 = K8f*QHQ*Ar - K8r*QA2*Br*H
. K8f= 10000.
K8r=10

{ 9: HOBr+Br+H <--> Br2+H20 }
RXN9 = K9f*HOBr*Br*H - K9r*Br2*H20
K9f = 8e+009
K9r=110
INIT Br2 - 0.00000001
d/dt(Br2) = +RXN9-RXN10-RXN11-RXN12

{10: Br2+QH2Q - > 2Q+2Br+2H }
RXN10 = K10f*Br2*QH2Q - K10r*QA2*BrA2*HA2
K10f= 10000
K10r = 0
{11:Q+Br2<->Br2H2Q}
RXN11 = K1 1f Q*Br2 - K11r*Br2H2Q
K11f = 1.5
K11r = 0
INIT Br2H2Q = 0.00000001
d/dt(Br2H2Q) = +RXN11-RXN12

{12: Br2H2Q+Br2 - > Br2Q+2Br+2H}
RXN12 = K12f Br2H2Q*Br2 - K12r*Br2Q*BrA2*HA2
K12f = 0.1
K12r = 0
INIT Br2Q = 0.00000001
d/dt(Br2Q) =+RXN12
{13: 2Q+H20 <--> H2Q+QOH }
RXN13 = K13rQA2*H20 - K13r*H2Q*QOH
K13f= 10000000
K13r = :1 . .
INIT QOH = 0.00000001
d/dt(QOH) = +RXN13
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